Early Fertilization Events in the Freshwater Zebra Mussel, Dreissena Polymorpha. by Misamore, Michael James
Louisiana State University
LSU Digital Commons
LSU Historical Dissertations and Theses Graduate School
1998
Early Fertilization Events in the Freshwater Zebra
Mussel, Dreissena Polymorpha.
Michael James Misamore
Louisiana State University and Agricultural & Mechanical College
Follow this and additional works at: https://digitalcommons.lsu.edu/gradschool_disstheses
This Dissertation is brought to you for free and open access by the Graduate School at LSU Digital Commons. It has been accepted for inclusion in
LSU Historical Dissertations and Theses by an authorized administrator of LSU Digital Commons. For more information, please contact
gradetd@lsu.edu.
Recommended Citation
Misamore, Michael James, "Early Fertilization Events in the Freshwater Zebra Mussel, Dreissena Polymorpha." (1998). LSU Historical
Dissertations and Theses. 6752.
https://digitalcommons.lsu.edu/gradschool_disstheses/6752
INFORMATION TO USERS
This manuscript has been reproduced from the microfilm master. UMI 
films the text directly from the original or copy submitted. Thus, some 
thesis and dissertation copies are in typewriter face, while others may be 
from any type o f computer printer.
The quality of this reproduction is dependent upon the quality of the 
copy submitted. Broken or indistinct print, colored or poor quality 
illustrations and photographs, print bleedthrough, substandard margins, 
and improper alignment can adversely afreet reproduction.
In the unlikely event that the author did not send UMI a complete 
manuscript and there are missing pages, these will be noted. Also, if 
unauthorized copyright material had to be removed, a note will indicate 
the deletion.
Oversize materials (e.g., maps, drawings, charts) are reproduced by 
sectioning the original, beginning at the upper left-hand comer and 
continuing from left to right in equal sections with small overlaps. Each 
original is also photographed in one exposure and is included in reduced 
form at the back of the book.
Photographs included in the original manuscript have been reproduced 
xerographically in this copy. Higher quality 6” x 9” black and white 
photographic prints are available for any photographs or illustrations 
appearing in this copy for an additional charge. Contact UMI directly to 
order.
UMI
A Bell & Howell Information Company 
300 North Zed) Road, Ann Arbor MI 48106-1346 USA 
313/761-4700 800/521-0600
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
EARLY FERTILIZATION EVENTS IN THE FRESHWATER 
ZEBRA MUSSEL, DREISSENA POLYMORPHA
A Dissertation
Submitted to the Graduate Faculty of the 
Louisiana State University and 
Agricultural and Mechanical College 
in partial fulfillment of the 
requirements for the degree of 
Doctor o f Philosophy
in
The Department of Biological Sciences
by
Michael James Misamore 
B.S., University of Wisconsin-Madison, 1989 
M.S., University of Charleston, SC, 1993 
August 1998
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
UMI N um ber: 9 9 0 2 6 5 4
UMI Microform 9902654 
Copyright 1998, by UMI Company. All rights reserved.
This microform edition is protected against unauthorized 
copying under Title 17, United States Code.
UMI
300 North Zeeb Road 
Ann Arbor, MI 48103
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
ACKNOWLEDGEMENTS
I would like to gratefully acknowledge my advisor, Dr. John Lynn. He truly has 
served as a mentor: an advisor, teacher, friend, and colleague. I wish to recognize my 
committee members, Dr. Kevin Carman, Dr. Thomas Dietz, Dr. Jeff Green, Dr.
Gregory Jarosik, and Dr. Joseph Siebenaller, for their guidance during this project. 
Rachel Arnold Walker deserved my heartfelt thanks for her help as a fellow graduate 
student and as a dear friend. She will always be my “LiF lab sister.” Katie Kreimborg 
has been a dear friend and a constant reminder of the inquisitive mind that all true 
scientists must possess. I would like to thank the remaining “lynninites,” Dr. Pat Glas, 
Steve Smith, Alicia Smith, Melissa Golmond, Khang Dhang and Stacey Clooney for 
their help with my research. I gratefully thank Ms. Shayne Guy for her love and 
support during this project. Finally, my deepest thanks goes to the two people without 
whose personal and financial support, guidance, encouragement, and unwavering love 
this odyssey would never have been possible, William and Mary Jane Misamore - Mom 
and Dad.
ii
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
TABLE OF CONTENTS
ACKNOWLEDGEMENTS............................................................................................... ii
LIST OF FIGURES............................................................................................................ v
ABSTRACT......................................................................................................................ix
CHAPTER I: GENERAL INTRODUCTION.............................................................  1
LITERATURE CITED .....................................................................................  4
CHAPTER 2: ANALYSIS OF FERTILIZATION AND POLYSPERMY 
IN SEROTONIN-SPAWNED EGGS OF THE ZEBRA MUSSEL,
DREISSENA POLYMORPHA.......................................................................................  5
INTRODUCTION..............................................................................................  5
M ETHODS........................................................................................................  6
Animal collection and handling.............................................................  6
Gamete handling.....................................................................................  7
Electron microscopy............................................................................... 8
Light, fluorescent and confocal microscopy ........................................ 8
RESULTS........................................................................................................... 9
General gamete morphology.................................................................  9
Events of fertilization.............................................................................. 13
Incidence of polyspermy.......................................................................... 17
DISCUSSION......................................................................................................26
LITERATURE CITED .......................................................................................32










Inhibitor dose dependent e ffec ts ............................................................ 45





Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.




Light, fluorescence, and confocai microscopy.......................................65
Inhibition experiments ........................................................................... 66
Statistical analysis.................................................................................... 66
RESULTS............................................................................................................ 67
Flow of cytoplasmic partic les................................................................ 77
DISCUSSION......................................................................................................80
Flow of cytoplasmic particles.................................................................84
LITERATURE CITED .......................................................................................87
CHAPTER 5: TRACING SPERM COMPONENTS DURING INCORPORATION
INTO THE EGG CYTOPLASM........................................................................91
INTRODUCTION............................................................................................... 91
M ETHODS.......................................................................................................... 93
Sample collection and fixation .............................................................. 93
Fluorescent labeling ................................................................................94
Microscopy and image analysis.............................................................. 95
RESULTS............................................................................................................ 98
Sperm chromatin decondensation and pronuclear form ation ...............98
Mitochondrial detachment and dispersion............................................102










CHAPTER 5: GENERAL SUMMARY........................................................................125
APPENDIX A: LETTER OF PERMISSION...............................................................128
APPENDIX B: LIST OF ABBREVIATIONS.............................................................129
VITA ............................................................................................ 130
iv
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
LIST OF FIGURES
2.1 Scanning electron micrograph of a mature, spawned sperm ............................. 11
2.2 Transmission electron micrograph of a longitudinal section ............................. 11
2.3 The 4 distinctive regions of the acrosome region of the sperm ........................11
2.4 A TEM of a tangential cross section through the acrosome ............................. 11
2.5 A light micrograph with Hoffinan modulation optics.......................................... 11
2.6 The metaphase plate of the egg meiotic spindle .................................................11
2.7 A scanning electron micrograph of the egg revealed the surface.......................11
2.8 The cortex of the egg generally contained a single row of dense.......................11
2.9 A phase micrograph series beginning at 120 seconds postinsemination............14
2.10 A phase micrograph series beginning at 5 min 30 sec postinsemination . . . .  14
2.11 Scanning electron micrograph, the early attachment o f the sperm .................... 18
2.12 The reacted acrosome was clearly visible in transmission ................................. 18
2.13 Egg samples fixed 3-5 min postinsemination.......................................................18
2.14 The rotation of the sperm head began as the sperm ............................................18
2.15 As the sperm becomes incorporated into the cytoplasm ................................... 18
2.16 This TEM corresponding to 5 min observations................................................ 18
2.17 A series of phase micrographs captured from video tap e ...................................20
2.18 In this SEM, multiple sperm attachments...........................................................23
2.19 In TEM, four sperm (S) were captured in cross section b o u n d ........................23
2.20 This micrograph with Hoffinan modulation optics ........................................... 23
v
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
2.21 Epifluorescent micrograph of an egg ..................................................................23
2.22 A stereo pair of reconstructed laser confocal images.......................................... 23
2.23 Graph of the number of pronuclei observed in randomly selec ted .................... 25
2.24 Graph of four experiments using eggs ................................................................25
3.1 TEM of a cross section through the sperm acrosom e........................................43
3.2 TEM of the egg cortex exhibiting numerous microvilli......................................43
3.3 TEM of the sperm axial rod spanning the extracellular matrix........................ 43
3.4 Numerous bundles 60 nm in diameter consisting of 6 nm filaments..................43
3.5 Epifluorescent micrograph of an inseminated e g g .............................................. 46
3.6 Actin localization with FITC-phalloidin ............................................................. 46
3.7 Complementary phase and epifluorescent micrographs......................................46
3.8 Complementary phase and epifluorescent micrographs......................................46
3.9 Complementary phase and epifluorescent micrographs......................................46
3.10 Dose-dependent effects of cytochalasin B on sperm e n try ..............................49
3.11 Temporal effects of cytochalasin B (CB) on sperm entry ................................. 49
3.12 Epifluorescent micrograph ofHoechst-stained e g g s ..........................................51
3.13 Epifluorescent micrograph of Hoechst-stained e g g s ..........................................51
3.14 Epifluorescent micrograph of Hoechst-stained e g g s ..........................................51
3.15 Epifluorescent micrograph of Hoechst-stained e g g s ......................................  51
3.16 Phase micrograph time series of video captured images ................................... 51
4.1 DIC microscopy time series of captured video images ..................................... 68
vi
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
4.2 DIC microscopy time series of captured video images ......................................68
4.3 The effect o f the microtubule inhibitor colchicine on sperm e n try .................... 70
4.4 The effect o f the microtubule inhibitor nocodazole on sperm e n try ..................70
4.5. The effect of the microtubule inhibitor colcemid on sperm e n try ...................... 70
4.6 The effect of the microtubule stabilizer paclitaxel on sperm e n try ....................70
4.7 Complementary phase and epifluorescent micrographs......................................73
4.8. Complementary phase and epifluorescent micrographs..................................... 73
4.9 A diagrammatic representation of the oscillations.............................................. 75
4.10 Epifluorescent micrograph of an colchicine-treated egg ................................... 75
4.11 Complementary epifluorescent micrographs....................................................... 75
4.12 Complementary epifluorescent micrographs of a egg ........................................75
4.13 Phase microscopy time series of captured video images ................................... 78
4.14 Phase microscopy time series of captured video images ................................... 78
4.15 Laser scanning confocal image of a diminutive sperm asters in an egg.............. 78
5.1 The FITC-conjugated lectin wheat germ agglutinin b in d s .................................96
5.2. The FITC-conjugated lectin wheat germ agglutinin ....................................... 96
5.3 TEM micrograph of a sperm nucleus located in the egg co rtex ...................... 100
5.4 TEM micrograph of a decondensing sperm nucleus ........................................100
5.5 Hoechst-labeled images (a-d) represent a time series ......................................100
5.6 DIC micrograph series o f a decondensing sperm nucleus ...............................100
5.7 This graph illustrates the changes in the sperm chrom atin...............................104
vii
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
5.8 A dual illumination image using epifluorescence...............................................105
5.9 Dual illumination micrographs showing the distribution of mitochondria . . .  105
5 .10 Diagrammatic representation o f the distribution of mitochondria .................. 105
5 .11 Dual illumination micrograph o f a two cell stage embryo ............................... 105
5.12 Sperm mitochondria were still faintly detected .................................................105
5.13 Complementary epifluorescent micrographs.....................................................108
5.14 Dual exposure of a dispermic e g g ...................................................................... 108
5.15 By the two-cell stage, only a faint patch remains.............................................. 108
5.16 An epifluorescent micrograph o f a highly polyspermic e g g ............................. 108
5.17 An epifluorescent micrograph o f an egg dual labeled with H oechst................108
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
ABSTRACT
The morphological and functional mechanisms involved in the early 
fertilization events in the freshwater zebra mussel Dreissena polymorpha 
(Bivalvia: Veneroida.Dreissenidae) are presented. Mature adults release gametes in 
response to external applications of 5-hydroxytryptamine. Sperm retain a primitive 
morphology consisting of a head, midpiece and tail. The head is approximately 1.6 pm 
in diameter and 4 pm in length. An acrosomal vesicle is highly compartmentalized with 
a central axial core containing actin. The midpiece is composed of 4 mitochondria and 
a pair of centrioles. A single flagellum is elaborated from the distal centriole. The eggs 
of D. polymorpha are 50-60 pm in diameter and are surrounded by a surface envelope. 
Eggs are isolecithal and spawned in first meiotic metaphase arrest.
At insemination, sperm bind randomly to the egg surface and sperm enter into 
the egg cytoplasm in a two step process. First, the sperm gradually (10 pm/min) enters 
the egg cortex through an actin rich egg-derived insemination cone. Once in the egg, 
the sperm nucleus with attached axoneme and mitochondria rotate 180° and is laterally 
displaced along the cortex. The first stage is inhibited by cytochalasins and is 
microfilament dependent.
During the second stage of sperm entry, the sperm axoneme is incorporated 
into the egg cytoplasm and the sperm head could be translocated rapidly (1 pm/sec) 
through the egg cytoplasm. The sperm axoneme extends deeper into the egg 
cytoplasm and remains active for several min following incorporation. Cytoplasmic
ix
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particle flow is associated with the axoneme during this active phase. Following 
quiescence of the axoneme, the sperm nucleus decondenses and the mitochondria 
separate from the midpiece. The second step is microtubule dependent and inhibited by 
colchicine, colcemid, nocodazole, and taxol.
Meiotic maturation resumes with sperm entry and the egg forms two polar 
bodies. Male and female pronuclear formation are synchronous and occur at similar 
rates. Cleavage occurs by 70 min and forms unequal blastomeres. Sperm entry occurs 
in the larger (CD) of the two blastomeres and sperm components brought into the 
cytoplasm are generally retained in the CD blastomere.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
CHAPTER 1: GENERAL INTRODUCTION
The quintessential goal of fertilization is the union of the two gametes 
ultimately leading to the restoration of the diploid state. While the goal may be similar, 
there are very diverse mechanisms involved in achieving fertilization. Superficially, 
organisms can be divided into two major classes based on their reproductive strategy. 
In most higher vertebrates including mammals, fertilization occurs internally within the 
female reproductive tract. Conversely, most invertebrates and some lower vertebrates 
typically release gametes directly into the external environment and fertilization occurs 
outside the female reproductive tract (McMahon, 1991).
In addition to specific sites at which eggs and sperm fuse, there are marked 
differences between the “typical” mammalian system and the numerous invertebrate 
models. The focus of this study and general discussion will be primarily limited to the 
invertebrate model systems.
A large portion of the invertebrates, especially lower aquatic taxa, release eggs 
and sperm directly into the water column. For sessile species, broadcast spawning 
permits greater distribution o f gametes and larvae and does not require substantial 
movement by the adults. To facilitate gamete interaction, many sperm utilize a 
chemotatic response to locate and identify the appropriate conspecific egg (Miller, 
1966). This response typically involves an extracellular jelly coat from the egg that 
sperm utilize for directional cues during locomotion.
1
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After locating the egg, sperm initially bind by undergoing an acrosome reaction 
exposing the acrosomal contents and releasing enzymes that aid in penetrating the egg 
coat. The exocytosed acrosome additionally exposes new membrane components that 
are involved in gamete fusion. The extent of the acrosome reaction varies greatly 
between species (Longo, 1987). Many species, including sea urchins which are the 
classic developmental model, produce an elongating acrosomal process of polymerizing 
microfilaments that spans the extracellular coats toward the egg surface (Tilney, 1975). 
Other species, including many bivalves, have preformed acrosomal processes that do 
not elongate during fertilization (Longo, 1983).
Following binding to the egg investment coat, microvilli or plasma membrane 
proper, the egg responds with a cytoplasmic extrusion that extends outward and 
engulfs the sperm nucleus. This insemination cone varies greatly in size and frequently 
contains actin filaments. In nearly all invertebrate systems studied, the sperm nucleus, 
mitochondria, and flagellum are incorporated into the egg cytoplasm (Longo, 1991).
Once inside the egg cortex, invertebrate sperm typically rotate 180° positioning 
the basal region of the sperm nucleus toward the egg center (Schatten and Mazia,
1976). The sperm chromatin starts to decondense and a new, primarily egg derived, 
membrane surrounds the sperm chromatin to form the male pronucleus. Concurrently 
with the decondensing sperm chromatin, the mitochondria and flagellum separate from 
the midpiece, and the sperm centrioles start producing an array of microtubules termed 
the sperm aster. In the urchin, the sperm aster enlarges and extends toward the
2
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developing female pronucleus. The sperm aster contacts the female pronucleus and the 
male and female pronuclei migrate toward one another in a microtubule-dependent 
process (Schatten and Schatten, 1981). In other species including marine mussels, the 
sperm aster is greatly reduced and its role in pronuclear migration is less clear (Longo, 
1987).
Pronuclei migrate toward one another and fuse in a process called syngamy. 
There are two general models for pronuclear fusion. In the urchin model, the 
pronuclear membranes fuse forming a single nuclear membrane surrounding the zygote 
nucleus. In the ascidian model, the pronuclear membranes breakdown and cleavage 
occurs. Thus, the first time the newly restored diploid nucleus is surrounded by a 
membrane is at the two-cell stage (Longo, 1987).
There are several similarities and differences between the various invertebrate 
systems. The classic model system of fertilization, the sea urchin, exhibits many 
features that are lacking in other invertebrate system. The focus of the present study is 
to address the similarities between Dreissena polymorpha and the currently available 
invertebrate models and to further increase our general understanding about the various 
mechanisms involved in the processes of fertilization. The results of this study 
demonstrate that fertilization in the zebra mussel exhibits many features similar to other 
invertebrate, typically marine, species. Moreover, several unusual and possibly unique 
mechanisms are presented. These unusual events may be isolated phenomena displayed 
by D. polymorpha, or alternatively, this species may provide new avenues for 
addressing fundamental questions of fertilization.
3
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CHAPTER 2: ANALYSIS OF FERTILIZATION AND 
POLYSPERMY IN SEROTONIN-SPAWNED EGGS 
OF THE ZEBRA MUSSEL, DREISSENA POLYMORPHA*
INTRODUCTION
In native North American freshwater bivalves, fertilization of the female gamete 
occurs within the brood chamber (McMahon, 1991). Very little is known concerning 
fertilization events in these freshwater bivalves because the events are obscured by an 
opaque shell. Dreissena polymorpha, the zebra mussel, is unusual among the 
freshwater bivalves in that both sperm and eggs are spawned freely into the external 
media (Burky, 1983). However, fertilization events in this species have been 
documented only briefly by Meisenheimer (1900).
In contrast, fertilization has been more extensively studied in free spawning 
marine bivalves such as the oyster Crassostrea sp. (Kyozuka and Osanai, 1985), the 
surf clam Spisula solidissima (Longo, 1973; Longo, 1976; Hylander and Summers,
1977), and the blue mussel Mytilus edulis (Longo and Anderson, 1969). In marine 
species, sperm interaction with the egg is initially via an acrosomal process that 
traverses an extracellular egg coat to make contact with the oolemma. Fusion of the 
sperm to the egg occurs at the tip of the acrosomal process and the sperm is rapidly 
incorporated into the cytoplasm by 5-7 min post insemination in the surf clam (Longo, 
1973; Hylander and Summers, 1977), and the oyster (Kyozuka and Osanai, 1985).
'Reprinted by permission o f Molecular Reproduction and Development. See appendix A.
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The freshwater bivalve D. polymorpha also freely spawns its gametes into the 
external milieu and the eggs are exquisitely suited for studying fertilization events. 
Large numbers of gametes can be obtained by inducing animals to spawn with 
serotonin (5-hydroxytryptamine) (Ram et a i, 1993). The eggs are 50-60 pm in 
diameter and the lack of pigmentation in the cytoplasm permits detailed observations of 
sperm incorporation, sperm nucleus decondensation, and pronuclear formation and 
fusion. There have been several studies on the gametes and reproduction of this 
species (Franzen, 1983; Sprung, 1987, 1991; Ram etal., 1993; Ram and Nichols, 1993; 
Fong et al., 1993; Fong et ai, 1994). However, a detailed study of fertilization events 
has not been conducted. Further, the incidence of polyspermy in this species has not 
been reported. In this report, the events of fertilization and the susceptibility of D. 
polymorpha eggs to polyspermy are addressed. Potential for polyspermic 
inseminations in this species poses an interesting problem that is highly relevant to the 
natural, gregarious colonies of these animals. The primary objective of this 
investigation was to establish the basic morphological events of fertilization in D. 
polymorpha.
METHODS
Animal Collection and Handling
Animals were collected from the Raisin River (Detroit Edison power plant) near 
Monroe, Michigan, and transported to the National Biological Survey station in Ann 
Arbor, MI. Animals ranging from 10 to 25 mm were separated and held in living- 
stream aquaria at 10°C. Twenty-four hours prior to use, individual animals were rinsed
6
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and isolated in 120-ml specimen cups containing fresh pondwater (PW) (Dietz et ai, 
1994) to insure animals were free from cross contaminating gametes.
Rapid and reliable release of male and female gametes was achieved by treating 
isolated animals in 25-ml culture tubes containing 10'3 or 10"4 M 5-hydroxytryptamine 
(serotonin) in pondwater for 10 to 20 min (Ram et a i, 1993). At the end of the 
treatment, animals were rinsed twice with deionized water and held in large culture 
tubes with 5-10 ml of fresh, room temperature (21°C) PW. Animals were checked at 
10 min intervals for gamete release. Males generally spawned 5 to 10 min after 
removal of serotonin and were allowed to remain in the culture tubes during spawning 
in order to maximize sperm concentrations. Females generally initiated spawning 1-1.5 
hrs after serotonin treatment and were transferred to 70 x 50 mm crystallizing dishes.
To insure high quality sperm, a second batch of animals was spawned when females 
from the first treatment began to release eggs. Spawned eggs were used within 2 hrs of 
treatment with serotonin. Sperm were generally collected from later spawns and used 
within 30 min of spawning.
Gamete Handling
Approximately 30,000-40,000 spawned eggs were transferred to a small beaker 
containing 15 ml PW. Freshly spawned sperm were added so that a final sperm 
concentration ranging from 103 to 10s sperm/ml was achieved. For microscopic 
observations, a sample of inseminated eggs was placed under a coverslip supported by 
4 silicon grease posts. Descriptions and timing of events were determined by visual 
observations and subsequent transcription of tape recorded observations was used to
7
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verify timing of events. Additionally, NEC® TI-23 A and Microimage® RGB video 
cameras connected to a Panasonic® S-VHS video recorder were used for analysis and 
timing of fertilization events. At selected time points (0-5 min at 30 sec intervals, 5-10 
min at 1 min intervals, 10-30 min at 5 min intervals, and subsequent time points at 15 
min intervals), 500-pl subsamples containing approximately 1000 eggs from the 
crystallizing dishes were fixed for microscopy. Samples for electron microscopy were 
fixed for 1 hr in 2.5% glutaraldehyde in a 50 mM sodium cacodylate. For fluorescent 
microscopy, samples were fixed in 1.6% paraformaldehyde in a 50 mM TAPS buffer. 
Electron Microscopy
Electron microscopy samples were fixed in glutaraldehyde as above, washed 2x 
with 50 mM sodium cacodylate buffer, fixed in 0.5% osmium tetroxide in 50 mM 
sodium cacodylate for 1 hr, and dehydrated through a graded acetone series. Samples 
for scanning electron microscopy were critical point dried and sputter coated with 10 
nm of gold/palladium. Dehydrated samples for transmission electron microscopy were 
embedded in a modified Spurris media (Spurr, 1969). Observations were made on a 
JEOL 100CX transmission electron microscope and a Cambridge 260 stereoscan 
electron microscope.
Light. Fluorescent, and Confocal Microscopy
Light and fluorescence microscopy was performed on a Nikon Optiphot® with 
phase-contrast and epifluorescence, a Nikon Diaphot® with Hoffman modulation and 
epifluorescence, or a Nikon Microphot® with differential interference contrast (DIC) 
and epifluorescence. A Noran Instruments (Madison, WI) argon laser confocal
8
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microscope driven by Intervision® software on a Silicon Graphics Indy® computer 
was used for confocal analysis.
Live samples of sperm were incubated with 0.1% acridine orange in PW for 20 
min. Regions containing nucleic acids stain a bright apple green and will also 
differentially localize in acrosomes o f many animal species (Bishop and Smiles, 1957). 
Acrosome regions fluoresce orange when viewed with an epifluorescent microscope 
equipped with a FITC filter block.
For visualization of genetic material, fixed samples were washed 2x with the 
appropriate buffer and stained with either 7-aminoactinomycin D (7-AAD) (Molecular 
Probes, Inc.) or bisbenzimide (Hoechst 33342)(Sigma Chemicals). Samples were 
stained with 7-AAD at a 3 pg/ml final concentration for 20 minutes followed by a 30 
minute wash. Samples were stained with a 1 pg/ml final concentration of Hoechst 
33342 for 40 minutes followed by a 30 minute wash (Hinkley et al., 1986). All staining 
procedures were conducted under minimal direct illumination.
RESULTS
General Gamete Morphology
Sperm released from D. polymorpha conformed to primitive sperm morphology 
comprising a head region containing the nucleus, a midpiece with 4 mitochondria, and a 
flagellum elaborated from the distal centriole (Fig. 2.1, 2.2) (see also Franzen, 1955). 
The anterior region of the head had a conspicuous acrosomal region (Fig. 2.2-4) (see 
also Franzen, 1983) that stained positively with acridine orange (data not 
shown)(Bishop and Smiles, 1957). Basically conical in shape, the acrosome region was
9
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1.4 in length and 0.7 nm in width. It was comprised of at least 4 distinct regions; 
(a) a central core comprising the axial rod, (b) a cup shaped acrosomal vesicle, (c) an 
electron dense material filling the base of the vesicle, and (d) an electron-translucent, 
granular region above the dense material in the cup (Fig. 2.3, 2.4). The axial rod of the 
acrosome was bounded by the acrosomal membrane and contained 6-nm filaments 
running parallel to the length of the core. The basal two-third's of the acrosome was 
enclosed in an electron dense vesicle with dense radial projections extending towards 
the axial rod (Fig. 2.3, 2.4). The basal three-fourth's of the cup-shaped region 
contained a dense amorphous material that was replaced in the upper portion of the 
cup-shaped region by an electron translucent granular material that extended to the tip 
of the acrosomal region/axial rod. The axial rod did not penetrate into the nuclear 
region o f the sperm.
Spawned eggs oiD. polymorpha were slightly variable in size but generally 
ranged from 50 to 60 pm in diameter. At spawning, no germinal vesicle (GV) was 
visible and GV breakdown was probably concurrent with ovulation (Fong et aL, 1994). 
No polar bodies were visible (Fig. 2.5) upon initial spawning, but meiotic figures of 
metaphase arrest were visible in the peripheral cytoplasm (Fig. 2.6). The cytoplasm of 
the egg contained very little yolk and was relatively homogenous. In the cortex o f the 
egg, a band of dense cortical vesicles (0.8 pm in diameter) were present just beneath 
the oolemma (Fig. 2.8) except for a cleared area associated with the meiotic spindle 
(Fig. 2.6). The surface of the egg was coated with a 0.7-pm thick fibrillar, extracellular 
coat contained between and slightly peripheral to the microvillar extensions of the 
oolemma (Fig. 2.6-8). Microvilli were 0.8 pm in length and 0.07 pm in diameter.
10
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Figure 2.1. Scanning electron micrograph of a mature, spawned sperm. Note the 
distinctive characteristics of a prominent acrosome region (a), main portion of the head 
containing the nuclear material (n), mitochondria (m), and the flagellum (fl). Bar = 1 
pm.
Figure 2.2. Transmission electron micrograph of a longitudinal section through the 
head of the sperm. Note the multiple regions of the acrosome (a), the dense nuclear 
region (n), and the flagellum (fl) elaborated from the distal centriole (dc). Only a 
portion of the proximal centriole was apparent in this section (arrowhead). Bar = 1 pm.
Figure 2.3. At higher magnifications, the 4 distinctive regions of the acrosome region 
of the sperm are apparent in TEM. These regions comprise, an axial rod (ar), a cup­
shaped acrosomal vesicle (av), a dense amorphous material in the vesicle base (arrow) 
including dense radial projections (arrowheads), and a more electron translucent 
granular region of the anterior acrosome (*). Bar = 0.5 pm.
Figure 2.4. A TEM of a tangential cross section through the acrosome demonstrates 
the concentrically arranged features of the acrosome regions described in Figure 3. ar - 
axial rod; arrowheads - radial projections; arrow - dense material in vesicle base; * - 
translucent granular region. Bar = 0.5 pm.
Figure 2.5. A light micrograph with Hoffinan modulation optics showing a single 
unfertilized egg of Dreissena polymorpha. Note the homogeneous nature of the 
cytoplasm. Bar = 25 pm.
Figure 2.6. The metaphase plate of the egg meiotic spindle was frequently observed in 
the peripheral cytoplasm of unfertilized eggs. Note the chromosomes denoted by the 
arrowheads. The cortex juxtaposed to the meiotic spindle was almost completely free 
of yolk or cortical vesicles. Microvilli and an egg coat were observed on the egg 
surface. Bar = 5 pm.
Figure 2.7. A scanning electron micrograph of the egg revealed the surface was 
encompassed by a continuous investment coat covering uniform, closely spaced 
microvilli. Bar = 2 pm.
Figure 2.8. The cortex of the egg generally contained a single row of dense cortical 
vesicles (cv). In this transmission electron micrograph, the 0.7-pm fibrous egg coat 
(arrow) was apparent between the microvilli. Note that the egg coat terminated just 
before the tips of the microvilli and extends to the surface of the egg. Bar = 1 pm.
11
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Events of Fertilization
Sperm contact with the egg occurred within seconds after sperm were 
introduced to a suspension of eggs. No specialized features were apparent on the egg 
surface associated with sperm attachment. In all observations, the location of sperm 
binding and incorporation was variable relative to the site of future polar body 
formation. Contact occurred at the anterior tip of the sperm (Fig. 2.9a) and either 
concomitant with contact or just preceding contact, the acrosomal region opened at the 
tip. Sperm rapidly bound to the egg surface and the acrosomal region appeared to fully 
open, maximizing contact between the anterior of the sperm and the egg (Fig. 2.11,
12). An electron dense material was associated with the reacted acrosomal region and 
bound the sperm to the fibrillar egg coat.
Visible movement of the sperm into the cytoplasm and rotation of the sperm 
nucleus began 3-4 min post insemination (Fig. 2.9b,c). Over the next three minutes, 
two phases consisting of (a) sperm incorporation and (b) sperm translocation through 
the cytoplasm occurred.
In the first phase, a fertilization cone formed at the site of sperm incorporation 
as the egg cytoplasm surrounded the entering sperm (Fig. 2.9b-9f; 2.13-16). The 
incorporation of the sperm into the egg cytoplasm can further be subdivided into two 
events. The first of these events involved the movement of the nucleus and midpiece 
into the egg cytoplasm and took approximately 1 min 45 sec. Flagellar beating 
discontinued (Fig. 2.9b) concurrent with the complete incorporation of the sperm 
nucleus into the cortical cytoplasm. The rotation of the sperm nucleus so that the basal
13
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Figure 2.9. A phase micrograph series beginning at 120 seconds post insemination 
showing the attachment of sperm to the egg, sperm incorporation, rotation and the 
beginning of translocation. Discontinuous frames were taken from a video series. In 
each frame, the arrowhead tip is always at the anterior end of the sperm and a single 
axis runs through the sperm and the arrowhead. Timing of each frame is noted in small 
numbers as min:sec. Bar = 25 pm.
Figure 2.10. A phase micrograph series beginning at 5 min 30 sec post insemination 
and showing the final stage of sperm nucleus translocation and the decondensation of 
the sperm nucleus. Frames were taken from the same video series as figure 9. 
Decondensation continued until the sperm nucleus reached a maximum diameter of 7 
pm. Timing of each frame is noted in small numbers as mimsec. Bar = 25 pm.
14
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portion of the sperm was oriented towards the center of the egg (Fig. 2.9d,e; 2.14,
2.15) comprises the second event of sperm incorporation. The second event includes 
the concurrent, partial incorporation of the flagellum into the egg cytoplasm. 
Movement of the nucleus into the egg cortex during this phase was approximately 10 
pm/min.
During the second phase of movement, the sperm was rapidly translocated 
through the egg cytoplasm to a centrad position dependent upon and relative to the 
position of the female nuclear material. Over an elapsed time of only 30-45 sec, the 
sperm moved a distance of about 30 pm. Velocity for this final movement was often 
difficult to measure but a conservative estimate of the translocation speed was 1.0 
pm/sec. Velocity measurements were complicated by movement o f the sperm in the z 
as well as the x-y axis in the egg.
The male nucleus was still largely condensed during the rapid translocation 
event (Fig. 2.9e,f; 2 .10a,c; 2.16). The initiation of the translocation was signaled at 5 
min postinsemination by a distinct quivering in the cytoplasm near the sperm nucleus. 
At the time the sperm head translocated, most if not all of the flagellum was 
incorporated into the egg cytoplasm (Fig. 2.9f). Rapid initial movements of the sperm 
nucleus also corresponded to irregular movements of the portion of the flagellum still 
partially visible outside the egg. During this time, the female nuclear material remained 
positioned in the periphery of the egg cytoplasm poised for first polar body formation.
After the sperm was translocated across the egg cytoplasm, the sperm nucleus 
was initially 2 pm and began to visibly decondense approximately 7 min post
16
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insemination (Fig. 2.10 c,f). Decondensation of the nucleus to a maximum diameter of 
7 |im occurred over a 3 min time frame and the decondensed area persisted in the 
cytoplasm for about 5 min. The egg produced the first polar body at about 10-12 min 
post insemination. The polar body was approximately 9 pm in size.
Beginning at approximately 22 min post insemination, the male pronucleus 
began to form in the central cytoplasm of the egg (Fig. 2 .17a,d). Over the next 15 min, 
the male pronucleus increased in diameter to a maximum size of 20 pm. The female 
pronucleus concurrently increased in size to a similar diameter (Fig. 2 .17c). The 
contents of the male and female pronuclei combined at 40-45 min postinsemination. 
Although the two pronuclei were closely juxtaposed, it did not appear that the 
pronuclear envelopes fused prior to their breakdown (Fig. 2 .17e). These observations 
were based on both video analysis and toluidine blue-stained, serial thick sections. 
Further observations are needed, however, to confirm that pronuclear envelope fusion 
does not precede envelope breakdown. Following fusion of the pronuclei, a mitotic 
spindle was formed (Fig. 2 .17f). The spindle and associated central cytoplasm 
underwent dynamic oscillations of up to 80° in relation to the stationary egg cortex.
The oscillations continued over a 5-10 min period and immediately preceded formation 
o f the cleavage furrow.
Incidence of Polvspermv
In groups of eggs inseminated with 104 to 106 sperm/ml, multiple sperm 
attachments were often observed with light microscopy and intimate sperm-egg 
contacts were confirmed with scanning and transmission electron microscopy (Fig.
17
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Figure 2.11. In this scanning electron micrograph, the early attachment o f the sperm 
with the egg surface was characterized by a reacted acrosome region (arrow) and fibers 
(arrowheads) connecting the surface of the egg with the margins of the reacted 
acrosome. The egg investment coat was evident in this sample fixed at 2 min post 
insemination. Bar = 2 pm.
Figure 2.12. The reacted acrosome was clearly visible in transmission electron 
micrographs. The axial rod remained intact and the cup-shaped vesicle opened like the 
bud of a flower. Dense material (arrows) presumably from the contents o f the 
acrosome remained associated with the folded-back membrane of the acrosome 
(arrowheads). The axial rod extended through the fibrous egg investment coat to 
contact the surface of the egg. Bar = 1 pm.
Figure 2.13. In egg samples fixed 3-5 min post insemination and observed with 
scanning electron microscopy, an insemination cone was observed at the site of sperm 
entry. The egg microvilli were still prominent on the surface of the egg and extended 
up the sides of the insemination cone (arrowheads). At these later time points, the egg 
investment coat was frequently reduced or lost. Bar = 2 pm.
Figure 2.14. The rotation of the sperm head began as the sperm became incorporated 
into the egg cytoplasm. The insemination cone remained visible for several min during 
and after sperm incorporation. Note that the mitochondria (m) of the sperm remained 
associated with the nucleus (n). Bar = 2 pm.
Figure 2.15. As the sperm becomes incorporated into the cytoplasm, rotation of the 
sperm head continued and appeared to align in relation to the position of the female 
nucleus. This TEM of a rotated sperm corresponds to light micrographs at 4 min of real 
time observations. Again note that mitochondria (m), centriolar region, and flagellum 
(arrowheads) remained associated with the sperm nucleus. Bar = 2 pm.
Figure 2.16. This TEM corresponding to 5 min observations of real time events, shows 
a sperm nucleus (n) as it moved deeper into the egg cytoplasm. Although 
decondensation appeared to have been initiated, it was not complete until 
approximately 10 min (see light micrograph series). Bar = 2 pm.
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Figure 2.17a-f. A series of phase micrographs captured from video tape beginning at 
22 min post insemination showed the formation of the male pronucleus (arrowhead, 
mpn) and the female pronucleus (arrowhead, fpn). Pronuclei increased in size to 20 pm 
and broke down at approximately 40 min post insemination. A spindle formed shortly 
after pronuclear breakdown. Timing in this series is noted by the small numbers given 
as min: sec. Bar =10 pm.
20
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
2.18, 2.19). Levels of polyspermy were determined in 4 separate spawns of eggs by 
counting the number of pronuclei observed in photographed groups of eggs observed 
with Hoffman modulation optics (HMO)(Fig. 2.20). In some instances, no pronuclei 
were observed when eggs were viewed with HMO microscopy at a single focal plane. 
Therefore, the number of sperm entries could not always be accurately determined by 
HMO in these eggs and pronuclei counts would therefore represent a minimum 
number. Eggs that contained more than 2 pronuclei were considered polyspermic. 
Although a maximum of 9 pronuclei were observed in these four spawns of eggs (Fig. 
2.23), up to 20 pronuclei have been observed with fluorescence and laser confocal 
techniques on other groups of eggs (Fig. 2.21, 2.22). In groups of eggs inseminated 
with 104 to 106 sperm/ml, 50% or more of the eggs with pronuclei were polyspermic 
(Fig. 2.24). Replicates of each sperm dilution were variable and no stoichiometric 
relationship between the number of sperm entries and sperm dilution was observed. In 
addition, multiple pronuclei also were observed in egg batches inseminated with less 
than 104 sperm/ml.
Multiple sperm entries were confirmed using the DNA specific fluorochromes 
Hoescht 33342 for epifluorescent microscopy and 7-aminoactinomycin D for confocal 
laser scanning microscopy (CLSM). The CLSM was useful in confirming that sperm 
nuclei were in fact in the egg cytoplasm and not simply sperm attached to the egg 
plasmalemma (Fig. 2.22). An interesting feature in polyspermic eggs was the 
observation that the sperm nuclei did not appear to uniformly translocate in the egg 
cytoplasm even though the samples were fixed at approximately 10 min
22
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Figure 2.18. In this SEM, multiple sperm attachments were observed. The sperm 
acrosomes were reacted and sperm were tightly adherent to the egg investment coat at 
2 min post insemination. Bar = 5 pm.
Figure 2.19. In TEM, four sperm (S) were captured in cross section bound to the egg 
investment coat. An insemination cone (arrow) formed in association with two o f the 
sperm indicating both have fused and were being incorporated into the egg cytoplasm. 
Bar = 5 pm.
Figure 2.20. This micrograph with Hofiman modulation optics showed a field of eggs 
taken at 60 min post insemination containing numerous vesicle-like structures 
(arrowheads, as an example) in the egg cytoplasm. In one egg, a germinal vesicle was 
apparent (gv). In observations of other eggs stained with DNA specific fluorochromes, 
these vesicles corresponded to regions containing DNA and were presumably the 
sperm and/or female pronuclei. Bar = 50 pm.
Figure 2.21. Epifluorescent micrograph of an egg stained with 7-aminoactinomycin D. 
Notice pronuclei closest to the female pronucleus (arrow) showed greater 
decondensation (large arrowhead) than more peripheral pronuclei (small arrowhead). 
Bar = 25 pm.
Figure 2.22 a&b. A stereo pair of reconstructed laser confocal images shifted 15° 
demonstrates the positioning of multiple sperm nuclei in relation the female nuclear 
material (arrow) and to sperm outside the egg. The egg was stained with 
7-aminoactinomycin D. Bar = 25 pm.
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Figure 2.23. Graph of the number of pronuclei observed in randomly selected groups 
o f eggs from four experiments to demonstrate the frequency distribution of numbers 
of pronuclei observed in the eggs. When the number of pronuclei were greater than 
two, the eggs were considered polyspermic.
20-,
G D < 3  pronuclei 
> 3 pronuclei
Trial
Figure 2.24. Graph of four experiments using eggs inseminated with 104 (first two 
bars), 105 and 106 sperm/ml. Eggs were recorded and graphed as containing either 
less than three pronuclei or greater than three pronuclei. Note that even at the lower 
sperm concentrations, at least 50% of the eggs had more than one male pronucleus 
present in the egg cytoplasm.
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postinsemination. Although sperm nuclei were scattered throughout the cytoplasm, the 
majority appeared to remain close to the egg cortex as verified by confocal stereo pair 
reconstructions (Fig. 2.22). Based on the compact appearance of the fluorescing 
nuclear material, sperm at the periphery of the egg were not decondensed as much as 
the more internalized sperm. This was also apparent in HMO where pronuclei of 
different sizes were observed in the egg cytoplasm.
DISCUSSION
Fertilization in Dreissena polymorpha constitute a series of events including 
sperm attachment, sperm-egg fusion, sperm nucleus incorporation and translocation 
across the egg cytoplasm, and pronuclear formation and fusion. In the present paper, 
we provide new information on the interactions of the sperm and eggs during 
fertilization. Although many similar events have been previously reported in marine 
species, this represents the first detailed report in a freshwater bivalve exhibiting 
external fertilization.
Perhaps the most dramatic event in the fertilization process of D. polymorpha is 
the rapid translocation of the sperm in the egg cytoplasm shortly after incorporation. 
During the phase of rapid sperm translocation, the sperm was transported through the 
cytoplasm at an approximate velocity of 1.0 pm/sec. This intracellular speed was 
remarkable given the large size of the sperm head ( 1 x 5  pm) compounded by the 
attached mitochondria and flagellum. In comparison, during fertilization in sea urchin 
eggs, movement of the sperm head, midpiece and tail is approximately 3.5 pm/min in 
the egg subsurface. Sea urchin sperm pronucleus transport in the central cytoplasm
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occurs at 4.9 (im/min (Schatten, 1981) to 11.0 iim/min (Epel etal., 1977). Both of 
these transport rates in the sea urchin egg are less than 1/5 the speed observed for 
sperm nucleus movement in D. polymorpha.
The mechanism for the rapid translocation of the sperm in D. polymorpha eggs 
is unclear. Movement of sperm nuclear material in other eggs has been attributed to 
microtubules in the egg cytoplasm (Schatten, 1981; Schatten and Schatten, 1981).
Prior to sperm movement in other animal eggs, the sperm nuclear material decondenses 
and forms a small pronucleus before transport. In many eggs, the formation of a sperm 
aster is observed at the site of the male pronucleus prior to movement to the deeper 
central cytoplasm (Chambers, 1933). In contrast, such a "sperm aster" was not 
observed with the rapid translocation events in D. polymorpha sperm; however, aster 
formation may be very small and was overlooked. The rapid translocation nevertheless 
suggests some cytoplasmic structure was involved in this highly directional movement.
While the sperm nucleus is large in relation to other cytoplasmic inclusions, 
rapid translocation of the sperm head in the comparatively small condensed state is 
probably advantageous. However, the significance of the co-migration of the flagellum 
remains undetermined. The flagellum clearly remains attached for much of the rapid 
translocation event. The mechanism by which such a rapid translocation can occur is 
unknown and additional work to determine the potential role of microtubules and/or 
microfilaments in the sperm incorporation into the cytoplasm is currently being 
addressed.
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The gametes and gamete interactions in D. polymorpha also have numerous 
similarities with other bivalve molluscs, particularly marine species. Several 
investigators have reported sperm morphology and to a lesser extent egg morphology 
in the freshwater mussel Dreissena polymorpha (Franzen, 1983; Denson and Wang, 
1994). As noted by previous investigators, D. polymorpha sperm retain a primitive 
morphology comprising an anterior acrosome, a cylindrical body housing the nucleus, a 
midpiece containing 4 mitochondria, and a single flagella. The most distinctive feature 
of these freshwater sperm is the pronounced regionalization of the acrosome. The 
conspicuous acrosome in D. polymorpha more closely resembles acrosomes of marine 
species (see Popham, 1979) than those reported in freshwater species (Trimble and 
Gaudin, 1975; Peredo etal., 1990; Rocha and Azevedo, 1990; Lynn, 1994). A 
reduction in acrosomal size is seen among many freshwater, "internal" fertilizing 
bivalves (Popham, 1979), but D. polymorpha is unique in being an external fertilizer.
Although some descriptions of D. polymorpha egg morphology have been 
published, they are primarily observations made with light microscopy (e.g. 
Meisenheimer, 1900; Mackie et al., 1984; Nichols, 1993; Fong e ta l, 1994). The eggs 
of D. polymorpha are characterized by a fibrous investment coat applied close to the 
surface of the egg. The egg surface is covered with a dense array of microvilli 
projecting from the oolemma. A layer of dense cortical vesicles underlie the oolemma. 
The structural similarities to the eggs of Crassostrea virginica (Alliegro and Wright, 
1983), Spisula solidissima (Rebhun, 1962; Longo, 1973; Hylander and Summers,
1977) and Mytilus edulis (Humphries, 1967) are strong. In contrast, the eggs o f a
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common freshwater bivalve family, Unionidae, are surrounded by a highly retractile egg 
investment that is widely separated from the surface of the egg except at one 
attachment point (Lynn, 1994; Focarelli et al., 1988).
Given the similarities in sperm acrosomes and egg investment coats to D. 
polymorpha, binding of the sperm to the egg surface also closely resembles that 
reported for several marine species (Longo and Anderson, 1969; Longo, 1973; 
Hylander and Summers, 1977; Alliegro and Wright, 1983; Kyozuka and Osanai, 1985). 
Both D. polymorpha and the reported marine species exhibit a pronounced opening of 
the acrosomal vesicle exposing the surface of a central core for subsequent binding. 
However, D. polymorpha does not undergo an elongation of the fertilization filament 
as seen in Mytilus (Tilney et al., 1987).
The greater similarities in gamete morphology and interactions between D. 
polymorpha and marine bivalves than other freshwater bivalves are not surprising 
considering the phlyogenetic relationships between these groups. Dreissena 
polymorpha is recently derived from estuarine ancestors and appears to be only 
distantly related to other freshwater bivalve species (McMahon, 1991). Other shared 
characteristics linking zebra mussels to their marine cousins include the presence of 
byssal threads for attachment to hard substrates, external fertilization, and a free 
swimming veliger (McMahon, 1991).
A surprising observation in the current studies was the relatively high incidence 
of polyspermic eggs derived from animals that were serotonin spawned. The 
occurrence of polyspermy under certain conditions is not uncommon in bivalve
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molluscs (Longo, 1973; Stephano and Gould, 1988). Despite reports of polyspermy in 
bivalves, there are functional blocks or at least partial blocks to polyspermy present in 
many species of bivalves (Ziomek and Epel, 1975; Longo, 1976; Finkel and Wolf,
1980; Dufresne-Dube etal., 1983; Alliegro and Wright, 1987; Stephano and Gould, 
1988). The failure of the blocks appears to be related to the manner in which the eggs 
are obtained (Alliegro and Wright, 1987; Stephano and Gould, 1988) or the 
concentration of sperm to which the eggs are exposed (Longo, 1973). There is no 
suggestion, however, in the literature that serotonin induces polyspermy in bivalves or 
other animals. In fact, serotonin has been used to reinitiate the maturation process in 
mollusc eggs and stimulates germinal vesicle breakdown in the surf clam (e.g. Hirai et 
al., 1988; Krantic etal., 1993), scallops (Matsutani and Nomura, 1987), oysters 
(Osanai, 1985), and zebra mussels (Fong et al., 1994).
Stephano and Gould's (1988) experiments might suggest that eggs derived from 
other than natural spawnings are variable in their state o f maturity and may have an 
incompletely developed block to polyspermy. An excellent example of this situation is 
the high incidence of polyspermy in oyster eggs that are inseminated immediately after 
they are stripped from the gonad (Stephano and Gould, 1988). If allowed to incubate 
for at least one hour prior to insemination, however, the incidence of polyspermy in 
eggs obtained by stripping is dramatically reduced. In our present studies, time after 
spawning appeared to have no direct correlation to the incidence of polyspermy 
observed.
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A second argument for the observation of polyspermy in serotonin spawned 
Dreissena eggs might be the "high" concentrations of sperm used in the experiments. 
Certainly the use of high concentrations of sperm in other molluscs has been 
advantageously used to study polyspermy (Longo, 1973; Longo 1976). In Longo's 
experiments (1973), a conservative estimate of the sperm concentrations would be 
about 1010 sperm/ml based on the estimate that in dry sperm suspensions there are at 
least 1012 sperm/ml (Longo, personal communication) and the dilution factor was 
1:100. That would make these polyspermy-inducing sperm concentrations at least four 
orders of magnitude greater than the highest sperm concentrations used for 
inseminations of D. polymorpha eggs. Even when the sperm-egg ratio is considered, 
there were only 300 sperm/egg at the highest concentrations and 3 sperm/egg at the 
lower concentrations for D. polymorpha inseminations compared to 1000 sperm/egg to 
induce polyspermy in Spisula (Longo, 1973). The sperm concentrations used for 
inseminating D. polymorpha eggs is also well below the threshold concentrations 
reported by Alliegro and Wright (1987) in the oyster. Certainly, to answer the question 
of the presence or absence of blocks to polyspermy in D. polymorpha, studies utilizing 
gametes from alternate methods of spawning (e.g. thermal spawnings) will be required. 
To date, attempts to spawn individual, isolated animals without serotonin have been 
unsuccessful in this laboratory.
The observations that most polyspermic male pronuclei remained in the 
peripheral cytoplasm might argue that some limiting cytoplasmic material is involved in 
translocation. If microtubules or microfilaments are essential for male pronuclear
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translocation, then large numbers of pronuclei could exhaust the cytoplasmic subunit
reservoir. Further studies will be required to document the mechanism for the rapid
translocation of pronuclei within D. polymorpha oocytes.
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CHAPTER 3: ROLE OF MICROFILAMENTS DURING 
EARLY FERTILIZATION EVENTS
INTRODUCTION
During fertilization in the freshwater zebra mussel, Dreissena polymorpha, 
gametes are spawned directly into the water column where gamete binding occurs. 
External fertilization is common among marine bivalves but is unusual among 
freshwater bivalves in which fertilization and larval development typically occur in the 
mantle cavity (Burky, 1983). The broadcast spawning of gametes combined with 
relative ease of inducing spawning (Ram et al., 1993) and the highly transparent nature 
of the egg cytoplasm make zebra mussels a good model system for studying early 
fertilization events.
Misamore etal. (1996) suggested that sperm incorporation into the egg 
cytoplasm of zebra mussels occurs in a two-step process. First, the sperm head and 
midpiece enter the egg cortex at an approximate rate of 10 pm/min. The sperm head 
rotates in the egg cortex positioning its basal end toward the egg center. Second, the 
majority of the sperm axoneme enters into the deeper egg cytoplasm. During this 
axonemal incorporation, the sperm head may be translocated through the egg 
cytoplasm at a rate of 1 pm/sec. The amount of translocation appears dependent on 
the position of female genome in relation to the sperm entry site (M. Misamore, 
unpublished results). The gradual incorporation of the sperm head in D. polymorpha 
displays similarities to early sperm entry in other invertebrate species (Longo and 
Anderson, 1968; Schatten and Mazia, 1976; Longo, 1973). In these systems,
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microfilaments are believed to play a critical role in sperm incorporation into the egg 
cortex (Tilney and Jaffe, 1980; Cline etal., 1983; Cline and Schatten, 1986; Longo, 
1986). This theory is supported by localization of microfilaments in both egg microvilli 
(Burgess and Schroeder, 1977; Spudich and Amos, 1979; Tilney and Jaffe, 1980) and 
sperm acrosomes (Tilney, 1975, 1978; Tilney etal., 1978), the postfertilization 
modifications of microfilament distribution particularly in fertilization cones (Longo, 
1978b, 1980; Tilney and Jaffe, 1980; Schatten and Schatten, 1980; Cline and Schatten, 
1986), and the blockage of fertilization by the inhibition of microfilament 
polymerization using cytochalasins (Gould-Somero etal., 1977; Longo, 1978a; Byrd 
and Perry, 1980; Schatten and Schatten, 1980).
This study addressed the question of whether polymerization of microfilaments 
was essential for early fertilization events in the freshwater bivalve, D. polymorpha. 
Inhibition of the polymerization o f microfilaments and the localization of actin within 
the gametes and zygote were coordinated with the live (real-time) observations of 




Dreissena polymorpha were collected from the Mississippi River near Baton 
Rouge, LA or Portage Lake near Ann Arbor, M3 and maintained at 9° C. Animals 
were individually isolated overnight in artificial pondwater (PW) (Dietz et al., 1994) to
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avoid cross-contamination of gametes prior to use. Spawning was induced by external 
exposure of animals to 2 x 10“* M serotonin (5-hydroxytryptamine) for 12 min.
Animals were washed twice with PW. At the start o f spawning, females were 
transferred to 50-ml crystalizing dishes to complete spawn. Eggs were inseminated with 
approximately 300 sperm per egg. Samples for light microscopy were fixed with 3.2% 
paraformaldehyde in mussel buffer (5 mM TAPS, 0.8 mM NaCl, 0.145 mM KC1, 1.8 
mM NajSO* 0.887 mM MgS04«7H20 , 1.32 mM NaHC03, 1.19 mM CaCl2 «7H20 , pH 
= 7.6) for 4 h then washed two times with mussel buffer. Samples for electron 
microscopy were fixed with 2.5% glutaraldehyde in mussel buffer, washed 2x with 30 
mM sodium cacodylate buffer (pH = 7.6), fixed in 0.5% osmium tetroxide for 1 h, 
dehydrated through an acetone series, and embedded in a modified Spurr’s media 
(Spurr, 1969).
Microscopy
Real-time observations were performed using either a Nikon Optiphot with 
phase contrast and epifluorescence optics or a Nikon Diaphot with differential 
interference contrast (DIC). Confocal imaging was performed on a Noran Instruments 
(Madison, WI) argon laser confocal with Intervision® Software. Eggs were stained 
with 1 pg/ml Hoechst 33342 for 8 min to label DNA. To label microfilaments, samples 
were stained with 1 pg/ml rhodamine-conjugated phalloidin (Sigma Chemicals) for 10 
min then washed 2x with mussel buffer. A JEOL 100CX transmission electron 
microscope (TEM) was used for high magnification observations.
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Inhibition Experiments
Cytochalasin B (CB) (Sigma Chemicals, St. Louis, MO) was used to inhibit 
microfilament polymerization during fertilization. Prior to exposure to CB, eggs were 
treated with 0.005% sodium periodate for 2 min to increase permeability through the 
extracellular coats of the eggs. This pretreatment does not significantly impact sperm 
binding or fertilization (Misamore, unpublished results). Eggs from one spawn were 
aliquoted into the various treatment groups. A stock solution o f CB at 1 mg/ml in 
dimethyl sulfoxide (DMSO) was used. To determine the dose-dependent effects of CB 
on fertilization, periodate-treated eggs were incubated for 10 min prior to insemination 
in PW solutions containing one o f four treatments: (a) CB at a final concentration of 
6.2 pM (3 pg/ml) in 0.6% DMSO, (b) CB at a final concentration o f 12.4 pM (6 
pg/ml) in 0.006% DMSO, (c) a 0.6% DMSO control, and (d) a pondwater control. 
Inseminations occurred in the presence of the inhibitor. A time exposure series was 
also performed to determine the temporal effect of CB on fertilization. Cytochalasin B 
(12.4 pM) was added to periodate-treated eggs at the following time points: 10 min 
preinsemination or 0 min, 2 min, or 4 min postinsemination (PI). Control eggs were 
incubated in 0.006% DMSO 10 min prior to insemination.
To determine if the effects of CB are reversible, eggs were incubated in either 
12.4 pM CB or 0.006% DMSO for 10 min then washed 3x with pond water. Eggs 
were inseminated and fixed at 10 and 30 min PI.
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Samples were fixed at 10 or 30 minutes PI with 3.2 % paraformaldehyde and 
washed twice with mussel buffer. Male and female chromatin were labeled with 
Hoechst 33342. To add in differentiating sperm bound to the egg surface from sperm 
incorporated into the egg cytoplasm, Hoechst 33342-labeled eggs were secondarily 
treated with 10 pg/ml FITC-conjugated wheat germ agglutinin (WGA) (Sigma 
Chemicals, St. Louis, MO). WGA-FITC binds to the surface of both gametes 
(Kreimborg and Lynn, 1996) but not to incorporated sperm (see Chapter 5, Fig. 5.1). 
This dual-label system allowed for accurate differentiation between incorporated sperm 
and sperm bound to the egg surface. Stained eggs (n=100) were scored to determine 
sperm entry, number of bound sperm, meiotic stage of female DNA, and presence of 
polar bodies.
To determine if CB affected axoneme incorporation, a monoclonal antibody to 
acetylated a-tubulin (Sigma Chemicals) was used to selectively label sperm flagellar 
microtubules (see Chapter 5). Sodium periodate-treated eggs were inseminated and 
CB was added 4 min PI as described above. At 10 min PI eggs were permeabilized for 
5 min in an extraction buffer (1 mM TAPS, 5 mM KC1, 0.5 mM MgCl* 1 mM EGTA, 
0.05% Nonidet P40, 1% glycerol, pH = 7.6) followed by fixation in 3.2% 
paraformaldehyde in a low Ca2+ mussel buffer (3 mM EGTA, 10 mM TAPS, 3 mM 
NaCl, 1 mM KC1, 1.5 mM M gS04, 0.01% sodium azide, pH = 7.6) for 3 h and 
subsequently washed 2x in phosphate buffered saline (PBS) (8.1 mM sodium phosphate 
dibasic, 1.8 mM sodium phosphate monobasic, 25 mM NaCl, 25 mM KC1, 0.5%
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bovine serum albumin, pH 7.9). Samples were labeled with the monoclonal antibody at 
1:100 dilution for 45 min. This was followed by an incubation with the F1TC- 
conjugated secondary antibody. Samples were also labeled with Hoechst 33342 and 
viewed under epifluorescence microscopy. FITC-conjugated phallocidin (Sigma 
Chemicals) at a final concentration o f 1 pg/ml for 30 min was used to label actin 
filaments.
Statistical Analysis
For each trial, eggs from a single female were divided into the treatment 
groups. From each treatment, 100 eggs were scored for incorporated sperm nuclei and 
polar body formation. Replicate trials (n=5) for the dose-dependent and time- 
dependent experiments were performed and means of numbers of eggs with 
incorporated sperm was calculated for all treatments. A two-way analysis of variance 
(ANOVA) blocking for variability between trials (i.e. different batches of eggs) as one 
factor and treatment as the second factor was performed using SigmaStat™ software 
(version 2.0). Tukey multiple comparisons were performed if significant differences (a 
= 0.05) were found.
RESULTS
Morphology
As background pertinent to the results, the basic morphology of sperm and egg 
components are presented here. Additional descriptions of Dreissena polymorpha 
gametes are given by Franzen (1983), Denson and Wang (1994), Misamore et al.
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(1996), and Walker (1996). The acrosome o f Dreissena polymorpha sperm contains 
four distinct regions including an axial rod 1.4 pm in length. The filaments comprising 
the axial rod are approximately 6 nm in diameter (Fig. 3.1) and extend from the apex of 
the acrosome to the anterior margin of the nucleus (Misamore et al., 1996). 
Rhodamine-phalloidin labeling was localized to a spike-like structure in the acrosomal 
region of both bound and acrosome reacted sperm (Fig. 3.1).
The surface of spawned eggs is uniformly covered in numerous microvilli at an 
estimated density of 50 microvilli/pm2 over the entire egg surface. The microvilli are 
0.8 pm in length and 0.07 pm in diameter (Misamore et al., 1996). The internal core 
of the microvilli consists of 5-nm parallel fibers perpendicular to the egg cortex. The 
distal tips of the microvilli possess numerous tufts of filamentous material perpendicular 
to the long axis of the microvilli (Fig. 3.2).
Shortly after sperm binding, the sperm acrosome opened exposing the 
membrane-bound axial rod. The axial rod traversed the width of the extracellular coat 
on the oolemma. The preformed axial rod was of sufficient length to traverse the egg 
investment coat to the egg surface (Fig. 3.3). No additional polymerization or 
elongation of the axial rod was observed. Microvilli directly subjacent to the open 
acrosome remained perpendicular to the egg surface. Small fibrous structures 
positioned peripheral to bound sperm and angled toward the bound sperm were 
observed with SEM (Misamore et al., 1996) (see Fig. 2.11). However, no discernible 
reorientation of microvilli toward the sperm was observed. The filamentous tufts o f  the
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Figure 3.1. TEM of a cross section through the sperm acrosome. The central axial 
rod (arrowhead) extended the length o f the acrosome and consisted of numerous 6-nm 
filaments. Inset: Fluorescent micrograph of a spontaneously acrosome reacted sperm 
stained with the fluorochrome phalloidin-FITC. Intense fluorescent localization 
occurred with the anterior of the portion of the sperm nucleus and the axial rod 
(arrowhead). Additional localization was observed at the basal region o f the sperm 
nucleus (arrow). Bar = 0.5 pm
Figure 3.2. TEM of the egg cortex exhibiting numerous microvilli embedded in a 0.7 
pm-thick extracellular coat. The distal tips of the microvilli were bulbous and 
possessed minuscule, fibrous lateral projections (arrowhead). The microvilli were 0.8 
um in length, 0.07 um in diameter, and had an internal core of 5-nm parallel fibers 
perpendicular to the egg surface. CV - cortical vesicle. Bar = 1 pm
Figure 3.3. TEM of the sperm axial rod spanning the extracellular matrix and 
contacting the egg plasma membrane. The axial rod (arrowhead) did not elongate 
following binding with the egg surface. N - sperm nucleus. Bar = 0.5 pm
Figure 3.4. Numerous bundles 60 nm in diameter consisting of 6 nm filaments 
(arrows) extended the length of the insemination cone perpendicular to the plasma 
membrane in this TEM. Cortical vesicles (CV) were not exocytosed following egg 
activation and remained subjacent to the insemination cone (see also Figs. 2.15, 2.16). 
Bar = 1 pm
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distal microvillar tips did not appear associated with a specific region of the acrosome. 
No change in microvilli length was observed up to 10 min PI.
Approximately 2-3 min PI an insemination cone formed on the egg surface. As 
the sperm passed through the oolemma, the cone initially appeared as a conical 
structure approximately 1.6 pm in diameter and 2.7 pm in length (see Figs. 2.13-2.15). 
Once the sperm head reached the egg cortex, the distal end of the cone became pointed 
as the egg cytoplasm closed around the sperm head. Filaments 6 nm in diameter extend 
the length of the fertilization cone in the egg cytoplasm (Fig. 3.4). FITC-phalloidin 
labeled the fertilization cone as a well-defined region on the oolemma surrounding the 
sperm nucleus ( Fig. 3.5). After the sperm had entered the egg cortex no definitive 
phalloidin labeling was associated with the sperm head; however, high background 
fluorescence may have obscured minimal labeling.
First polar body formation began 5-7 min PI. There was a clearing of cortical 
vesicles and a reduction in microvilli length associated with the site of polar body 
extrusion. When stained with phalloidin-FITC, a brightly fluorescing region was seen 
on the egg surface where the polar body first emerged (Fig. 3.6). After expulsion of 
the female dyad, a cleavage furrow formed separating the polar body cytoplasm from 
the remaining egg cytoplasm. This polar body furrow corresponds with a fluorescing 
ring at the base of the first polar body (Fig. 3.6).
Inhibitor Dose-Dependent Effects
Cytochalasin B had a dose-dependent effect on sperm entry when eggs were 
incubated in inhibitor prior to fertilization (Figs. 3.7-3.10). Exposure to 6.2 pM CB
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Figure 3.5. Epifluorescent micrograph of an inseminated egg labeled with the actin- 
specific toxin phalloidin conjugated to FITC. A fluorescing region (arrowhead) 
corresponded to the insemination cone. Inset: Phase micrograph of the insemination 
cone showing the position of the sperm nucleus (arrowhead) within the insemination 
cone. Dual labeling with the DNA-specific fluorochrome Hoechst 33342 confirmed the 
position of the nucleus within the phalloidin localization (data not shown). Bar =15 
pm.
Figure 3.6. Actin localization with FITC-phalloidin produced a highly fluorescing 
region associated with the polar bodies (pb) in this fertilized egg. The actin-containing 
region was associated with the margins separating the first and second polar bodies 
(arrowhead) and the second polar body and egg surface (arrow). Bar = 25 pm.
Figure 3.7. Complimentary phase (a) and epifluorescent (b) micrographs of control 
fertilization eggs incubated in 0.6% DMSO for 10 min prior to insemination. Eggs 
were fixed at 10 min PI. The female chromatin (?) was positioned subjacent to the 
first polar body (pb) following meiosis I. The male chromatin (a") was seen 
decondensing in the egg cytoplasm. Chromatin was localized using the DNA-specific 
fluorochrome Hoechst 33342. Bar = 25 pm.
Figure 3.8. Complimentary phase (a) and epifluorescent (b) micrographs of an egg 
incubated in 6.2 pM cytochalasin B for 10 min prior to insemination. Eggs were fixed 
at 10 min PI and stained with the DNA-specific fluorochrome Hoechst 33342. Sperm 
entered the egg cytoplasm and began chromatin decondensation (cf). Egg activation 
occurred as evident by resumption of meiosis. The female chromatin (?) separated in 
anaphase I but polar body formation was inhibited. Bar = 25 pm.
Figure 3.9. Complimentary phase (a) and epifluorescent (b) micrographs of an egg 
incubated in 12.4 pM cytochalasin B for 10 min prior to insemination. Eggs were fixed 
at 10 min PI and (b) stained with the DNA-specific fluorochrome Hoechst 33342.
Sperm bound to the egg surface (arrow) but were not incorporated into the egg 
cytoplasm. Egg activation occurred in the presence of the microfilament inhibitor. 
Female chromatin separated (? ) but polar body formation was inhibited. Bar = 25 pm.
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significantly reduced the number of eggs with incorporated sperm relative to the 
control (p<0.001) at 10 min PI (Figs. 3.8, 3.10). However, sperm entry was not 
completely blocked and sperm were still able to enter the egg cortex and begin 
decondensation by 10 min PI in 37% of the eggs (Fig. 3.8).
Polar body formation was completely inhibited by 6.2 pM CB. The female 
chromosomes were positioned at the egg periphery and persisted through anaphase. 
While a brief extrusion of cytoplasm was observed during the period of normal polar 
body formation (5 min PI), no cytoplasmic separation occurred and the extrusion was 
reabsorbed by 10 min PI. Female DNA were able to form pronuclei by 30 min PI. 
Cleavage was completely inhibited at 6.2 pM CB through 80 min PI. Control eggs 
exhibited normal first polar body formation by 10 min PI and 81% cleaved by 80 min 
PI.
Incubation of eggs in 12.6 pM CB resulted in complete inhibition of fertilization 
(Fig. 3.9, 3.10). Most eggs exhibited bound sperm; however, no sperm entry was 
observed (Fig. 3.9). Similar to the 6.2 pM treated eggs, polar body formation was 
blocked.
Time Dependent Effects of Cytochalasin B
Exposure of eggs to 12.6 pM CB at various time points pre- and 
postinsemination showed a temporal effect of CB on insemination (P0.001) (Fig.
3.11). Eggs incubated in CB 10 min prior to insemination showed no sperm 
incorporation or polar body formation (Figs. 3.11,3.12). Eggs exposed immediately 
prior to insemination (0 min) resulted in almost complete blockage of sperm entry and
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Figure 3 .10. Dose-dependent effects o f cytochalasin B on sperm entry into the egg 
cortex during fertilization. Eggs were exposed to two concentrations of the 
microfilament inhibitor cytochalasin B (CB). Unfertilized eggs were pretreated with 
periodic acid then transferred to a solution o f either 6.2 pM CB or 12.4 pM CB in 
0.6% DMSO or an artificial pondwater (PW Ctl) or 0.6% DMSO control. Eggs were 
incubated 10 min and inseminated directly in the egg-inhibitor solution. Eggs were 
fixed at 10 min PI and scored for number o f incorporated sperm. Values are mean ± 
standard error (n=5). Letters indicate statistically significant differences based on a 
two-way ANOVA and Tukey multiple comparisons (p<0.05).
Figure 3. 11. Temporal effects of cytochalasin B (CB) on sperm entry following the 
addition of the microfilament inhibitor at various time points pre- and PI. CB was 
added to sodium periodate-treated eggs at 12.4 pM. Treatments used were: (a) 
Control of 0.6% DMSO (Ctl) at 10 min preinsemination, (b) CB added 10 min 
preinsemination (Prelnc), (c) immediately following insemination (O' PI), (d) 2 min PI 
(2' PI), and (e) 4 min PI (4' PI). Eggs were fixed at 10 min PI and scored for the 
number of eggs with incorporated sperm. Values are mean ± standard error (n=5). 
Letters indicate statistically significant differences based on a two-way ANOVA and 
Tukey multiple comparisons (p<0.05).
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Figure 3.12. Epifluorescent micrograph of Hoechst-stained eggs incubated in 12.4 pM 
cytochalasin B for 10 min prior to insemination. Sperm bound to the egg surface 
(arrow) but did not enter into the egg cortex by 10 min PI. Egg activation occurred as 
indicated by the resumption of meiosis and the separation of female chromatid (?) in 
meiosis I. Polar body formation was inhibited. Bar = 25 pm.
Figure 3.13. Epifluorescent micrograph of Hoechst 33342-stained eggs exposed to 
12.4 pM cytochalasin B immediately prior to insemination. Sperm bound to the egg 
surface (arrow - sperm positioned at slightly higher focal plane) but did not enter by 10 
min PI. Female chromatid (?) separated in anaphase I following egg activation but 
polar body formation was inhibited. Bar = 25 pm.
Figure 3.14. Epifluorescent micrograph of Hoechst-stained eggs inseminated and 
exposed to 12.4 pM cytochalasin B 2 min PI. By 10 min PI, sperm (<f) entered into the 
egg cortex and began decondensing. Decondensing nuclei are clearly identified by the 
less intensely fluorescing halo formed by the dispersing chromatin. Polar body 
formation was inhibited. ? -female chromatin, arrow-sperm bound to egg surface. Bar 
= 25 pm.
Figure 3.15. Epifluorescent micrograph of Hoechst-stained eggs inseminated and 
exposed to 12.4 pM cytochalasin B 4 min PI. By 10 min PI, sperm entered into the 
egg cortex and began decondensing. The decondensing nucleus (cf) was clearly 
identified by the less intensely fluorescing halo formed by the dispersing chromatin. 
Polar body formation was inhibited. ? -female chromatin, arrow-bound sperm. Bar = 
25 pm.
Figure 3.16. Phase-micrograph time series of video-captured images showing the 
sperm pronuclear formation in the presences of 12.4 pM cytochalasin B (CB). Eggs 
were exposed to CB 4 min PI. (a) Sperm nucleus (arrowhead) were visible in the egg 
cortex by 4 min PI. (b) Sperm chromatin (arrowhead) decondensation occurred by 10 
min PI. (c) Sperm pronuclear (arrowhead) formation began by 30 min PI. (d) Multiple 
pronuclei (arrowheads) developed due to supernumerary sperm and an extra female 
dyad retained by the suppression of the polar body.
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were not significantly different from the preincubation trial (p<0.05) (Figs. 3.11,3.13). 
Addition of CB at 2 min PI resulted in a significant reduction in sperm entries (p<0.05) 
relative to controls but not a complete inhibition (Fig. 3.11,3.14). Sperm entry was not 
significantly different from controls when CB was added 4 min PI (Fig. 3.11,3.15). In 
all time points where sperm entry occurred, sperm were observed decondensing by 10 
min PI. Male pronuclei formed in the egg cytoplasm by 30 min PI. Similarly, polar 
body formation was suppressed in all inhibitor trials. Of particular note was the 
blockage of polar body formation in the 4 min treatment where CB was added 
approximately 1 min prior to polar body formation.
Sperm entry and rotation in the egg cytoplasm occurred in eggs treated at 4 min 
PI with CB (Fig. 3.16). At approximately 3 min PI, sperm-head translocation and 
axoneme incorporation was observed. The presence of the axoneme in the egg 
cytoplasm was verified using the monoclonal antibody to acetylated a-tubulin.
When eggs were treated with CB for 10 min followed by a 10 min wash and 
then inseminated, both sperm entry and polar body formation occurred normally. Eggs 
not washed exhibited neither sperm entry nor polar body formation.
DISCUSSION
The incorporation of the sperm components through the oolemma into the egg 
cortex in D. polymorpha occurs in two morphologically distinct steps (Misamore et al., 
1996). During the initial incorporation, the sperm head and midpiece gradually enter 
into the egg cortex at a rate of 1 pm/min (see Fig. 2.15). A distinct, cylindrical 
insemination cone encompasses the sperm as it passes through the oolemma (see Fig.
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2.13). The insemination cone of D. polymorpha consisted of numerous 6 nm- thick 
filaments (Fig. 3.4) and labeled with FITC-phalloidin (Fig. 3.5) suggesting the presence 
of microfilaments. The cone assumed a more pyramidal configuration once the sperm 
entered the egg cortex (see Fig. 2.15). This is similar to morphological changes in the 
insemination cone of sea urchins in which there was a change from an initially rounded 
cone to a “spike like” cone following sperm entry (Tilney and Jaffe, 1980; Cline and 
Schatten, 1986). When treated with the inhibitor to microfilament polymerization, 
cytochalasin B, this initial sperm entry was blocked (Fig. 3.9) and no fertilization cone 
formed. These findings suggest that the initial incorporation of the sperm into the egg 
cortex was dependent on the polymerization of microfilaments.
After passing through the fertilization cone and entering the egg cortex, D. 
polymorpha sperm rotated 180° positioning the basal end of the nucleus centrad (see 
Fig. 2.9). Following sperm rotation, the majority o f the sperm axoneme was 
incorporated into the egg cytoplasm and the sperm head may be rapidly (1 pm/sec) 
translocated through the egg cytoplasm (Misamore et al., 1996). The second step in 
sperm entry, axoneme incorporation, was unaffected by the addition of cytochalasin B 
after initial sperm entry (4 min PI trials). Sperm chromatin decondensation, 
mitochondria separation (see Chapter 5), and pronuclear formation were also 
unaffected by the presence of CB. Furthermore, labeling with the actin probe, 
phalloidin, failed to localize any observable microfilament association with either sperm 
decondensation or pronuclear formation.
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While the critical involvement of microfilaments in sperm incorporation has 
been reported for many marine invertebrates (Gould-Somero et al., 1977; Longo, 
1978a, 1980; Byrd and Perry, 1980; Schatten and Schatten, 1980; Cline and Schatten, 
1986) and the present freshwater model, exactly how sperm pass through the oolemma 
is not well understood. Microfilaments are associated with several processes during 
fertilization in D. polymorpha that could potentially account for the inhibition of initial 
sperm entry. The major sites of polymerized microfilaments include the sperm 
acrosome, the egg microvilli, and the fertilization cone. Furthermore, microfilaments 
are critical for cytokinesis during polar body formation (Longo, 1972; Longo et al., 
1993).
The sperm of several marine bivalves including Spisula and Mytilus possess 
preformed acrosomal processes that do not undergo a polymerization-driven elongation 
(Hylander and Summers, 1977; Longo, 1978a). Mytilus sperm extend a preformed 
acrosomal process following activation that does not involve polymerization of new 
microfilaments (Dan, 1967; Longo, 1977; see Longo, 1983). Similar to these marine 
bivalves, D. polymorpha sperm possess a preformed acrosomal process that does not 
elongate and is apparently insensitive to cytochalasin B treatments at the dosages 
tested. Although it was not possible to expose only sperm to cytochalasin B because 
washing disrupted the fragile acrosomes, polymerization of sperm microfilaments is not 
believed to be the critical component in sperm entry. This conclusion is based on 
several pieces of evidence. First, no observable elongation of the acrosomal process 
occurred during fertilization in D. polymorpha. Second, several studies in which
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washing of sperm was possible have shown that CB does not impact the fertilization 
capability of sperm (Sanger and Sanger, 1974; Longo, 1978a; Byrd and Perry, 1980). 
Third, the relative polarity of microfilaments in sperm acrosomes and egg microvilli is 
inappropriate to allow a myosin-actin ratcheting mechanism to draw the sperm into the 
egg in urchins (Tilney et al., 1978). This is presumably the case for D. polymorpha as 
well. Finally, the addition of CB at 2 min PI allowed sufficient time for the sperm 
binding to occur prior to inhibition; however, sperm entry was still suppressed, 
suggesting microfilament involvement at a stage later then sperm binding.
The involvement of microvilli in sperm entry varies greatly between species but 
a role has been suggested for hamsters (Yanagimachi and Noda, 1970), urchins (Tilney 
and JafFe, 1980), annelids (Anderson and Eckberg, 1983), and bivalves (Longo, 1987). 
Hylander and Summers (1977) proposed a generalized model of fertilization in 
Mollusca. According to their model, sperm binding occurs between an inner acrosomal 
region of the sperm and microvilli tufts. Similar microvillar tufts were observed in 
Dreissenapolymorpha (Fig. 3.2); however, no obvious association between these tufts 
and the inner acrosomal membrane was observed. Furthermore, microvilli appeared to 
remain perpendicular to the egg surface and did not reorient toward bound sperm as 
reported for Spisula (Longo and Anderson, 1970; Hylander and Summers, 1977). 
Misamore et al. (1996) reported extracellular fibers extending toward attached sperm; 
however, these fibers are substantially smaller than the egg microvilli.
Microfilament presence in insemination cones has been well documented . In 
urchins, insemination cones may form from the fusion of microvilli (Schatten and
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Schatten, 1980) and microfilaments in the cones are arranged into discrete bundles 
(Tilney and Jaffe, 1980) from monomeric actin in the egg cortex (Spudich and Amos,
1979). Molluscan insemination cones are markedly smaller than urchin cones and 
microfilaments are not consistently reported in the cones (Longo, 1983). As in Mytilus 
and Spisula (Longo and Anderson, 1970; see Longo, 1983), microfilaments in D. 
polymorpha fertilization cones run the length of the ooplasmic projection, but not in 
discrete bundles as observed in urchins (Fig. 3.4). While the exact mechanisms 
involved remains unclear, insemination cones are implicated in sperm entry (Longo,
1980). The inhibition of sperm entry by CB also results in a suppression of 
insemination-cone formation (Longo, 1980; Schatten and Schatten, 1980, 1981). 
Inhibitor Effects
Cytochalasin B was shown to have a reversible, dose-dependent response in 
inhibiting fertilization. Partial inhibition occurred at 6.2 pM CB and complete 
inhibition at 12.4 pM. Byrd and Perry (1980) reported similar dose-dependent findings 
in two urchin species, Stronglycentratus purpuratus and Lythechinus pictus.
Decreased sperm entry occurred at 2.5 pg/ml (5 pM) or 5 pg/ml (10 pM) CB and 
complete inhibition at 5 pg/ml (10 pM) or 10 pg/ml (20 pM) respectively. Gould- 
Somero et al. (1977) found slightly lower levels of CB partial (1 pM) or completely (2 
pM) blocked sperm entry. That the dose-dependent responses are similar is somewhat 
remarkable considering the variability in the gametes, extracellular coats, and 
fertilization mechanisms between these diverse species.
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Sperm entry was effectively blocked when CB addition preceded or was 
concomitant with insemination (Fig. 3.11). Addition of CB 2 min PI resulted in fewer 
eggs inhibiting sperm penetration while 4 min PI did not significantly impact sperm 
entry. These findings suggest that CB is able to rapidly block (within 1-2 min) sperm 
entry and that the susceptible period to CB inhibition is completed by 4 min PI. The 
first 4 min PI during D. polymorpha fertilization corresponds to the 1 pm/min gradual- 
incorporation phase into the egg cortex. After 4 min PI, CB was unable to inhibit 
sperm-axoneme incorporation, mitochondria detachment, or male-chromatin 
decondensation and pronuclear formation. CB impact on fertilization has been shown 
to be limited to the first 6 min PI in several urchin species (Longo, 1980; Byrd and 
Perry, 1980; Schatten and Schatten, 1980), and Echiurid worms (Gould-Somero et 
al., 1977). The restriction o f microfilament involvement in sperm incorporation to the 
first 6 min following insemination applies across a wide taxonomic range.
While CB was able to inhibit sperm entry, activation o f D. polymorpha eggs by 
sperm did occur in the presence o f the inhibitor. Several studies have shown that early 
egg activation occurs during fertilization even in the presence of CB (Byrd and Perry, 
1980; Schatten and Schatten, 1980; Dale and DeSantis, 1981; Lynn, 1989). In these 
studies, initiation of the cortical granule release or electrophysiological response were 
used as indicators of egg activation. As in most molluscs (Humphreys, 1967; Longo, 
1983), D. polymorpha do not exhibit release of cortical granules immediately 
following egg activation. Since D. polymorpha eggs are inseminated at metaphase I 
arrest, the resumption of meiosis can serve as an indicator o f egg activation (Longo,
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1972; Longo, 1978a; Longo et al., 1993). In this study, D. polymorpha sperm readily 
bound to the egg surface in the presence of CB and appeared to induce the resumption 
of meiosis since eggs devoid o f bound sperm remained in metaphase arrest.
D. polymorpha serves as a good model for studying the role of microfilaments 
for sperm incorporation because there is no polymerization needed to form the sperm 
acrosomal process, cytochalasin B rapidly penetrates the egg with minimal 
permeabilization, and polar body formation can serve as an early indicator o f inhibitor 
effectiveness. The role of microtubules in the early and later fertilization events 
remains to be studied.
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CHAPTER 4: ROLE OF MICROTUBULES DURING 
EARLY FERTILIZATION EVENTS
INTRODUCTION
During fertilization in the freshwater bivalve, Dreissena polymorpha 
(Bivalvia: Veneroida:Dreissenidae), sperm entry into the egg cytoplasm occurs in a two 
step process (Misamore et al., 1996). During the initial phase the sperm head and 
midpiece are gradually (10 pm/min) incorporated into the egg cortex. Following sperm 
binding, an egg cytoplasmic extrusion, the insemination cone, forms and envelopes the 
fertilizing sperm head as it passes through the egg plasma membrane. Once inside the 
egg cortex the sperm rotates 180° and “drifts” laterally along the egg cortex. During 
the second phase of sperm entry, the majority of the sperm axoneme is incorporated 
into the egg cytoplasm and the sperm head may be rapidly (1 pm/sec) translocated 
through the egg cytoplasm. After axonemal incorporation and nuclear translocation, 
the sperm chromatin decondenses and a membrane encompasses the forming 
pronucleus. Concurrent with sperm binding and/or fusion, meiosis is reinitiated from 
metaphase I arrest, polar body formation occurs, and the female pronucleus develops. 
Pronuclear fusion and cleavage occur by 60-70 min postinsemination (PI).
The initial, gradual incorporation of the sperm head appears to be, in part, 
dependent on the polymerization of microfilaments. Cytochalasin B, an inhibitor of 
microfilament polymerization, prevents this process. Actin has also been localized in 
the fertilization cone (see Chapter 3). Cytochalasin B did not affect the second phase 
of sperm entry, the incorporation of the axoneme or sperm head translocation through
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the egg cytoplasm. The objective of the present study was to determine the role of 
microtubules (MT) in the two stages of early sperm incorporation. Findings will 
demonstrate that the initial phase of sperm entry was independent of MT 
polymerization while the second phase, the incorporation of the sperm axoneme, was a 
MT-dependent process. Furthermore, evidence will be presented that suggests that the 
sperm axoneme remained active following entry into the egg cytoplasm and that a 
current o f cytoplasmic particles was generated as a consequence of this incorporation. 
METHODS
Zebra mussels were obtained from Portage Lake, MI near Ann Arbor, MI or 
the Mississippi River near Baton Rouge, LA and maintained at 9°C in artificial 
pond water (PW) (Dietz £ /a/., 1994) until spawning. Animals were isolated 24 h prior 
to spawning to avoid cross-contamination of gametes and allowed to warm gradually 
to room temperature. Spawning was induced by external application of 2 x 10"* M 
serotonin (5-hydroxytryptamine, Sigma Chemicals, St. Louis)(Ram etal., 1993). 
Inseminating sperm concentrations ranged from 103 to 106 sperm/ml, with an 
estimated ratio of £ 300 sperm/egg.
Three preparation and fixation protocols were utilized. For light microscopy, 
eggs were fixed in 3.2% paraformaldehyde in mussel buffer (see Chapter 3) for 3 h 
followed by 2 washes in mussel buffer. Eggs for antibody labeling were permeablized 
in extraction buffer (1.0 mM TAPS, 5 mM KC1, 0.5 mM MgCl2, 1.0 mM EGTA, 
0.05% Nonidet P-40, 1% glycerol, pH = 7.6) for 5 min followed by fixation in 3.2%
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paraformaldehyde in a low Ca2+ mussel buffer (3 mM EGTA, 10 mM TAPS, 3 mM 
NaCl, .01 mM KC1, 1.5 mM MgS04, 0.01% sodium azide, pH = 7.6) for 3 h followed 
by 2 washes in phosphate buffered saline (PBS)(8.1 mM sodium phosphate dibasic, 1.8 
mM sodium phosphate monobasic, 25 mM NaCl, 25 mM KC1, pH = 7.8) with 0.5% 
bovine serum albumin and pH adjusted to 7.9. Electron microscopy samples were fixed 
in 2.5% glutaraldehyde in mussel buffer, washed 2x with 30 mM sodium cacodylate 
buffer, postfixed in 0.5% osmium tetroxide for 1 h, dehydrated through a graded 
acetone series, and embedded in a modified Spurr’s media (Spurr, 1969).
Light, fluorescence, and confocal Microscopy
To label egg MTs, permeablized samples were exposed to a monoclonal 
antibody to yeast a-tubulin (Accurate Antibodies MAS-077, Westbury, NY) at 1:20 
dilution for 45 min followed by a FITC-conjugated secondary antibody. A monoclonal 
antibody to acetylated a-tubulin (Sigma Chemicals) was used to selectively label sperm 
axonema! tubules (see Chapter 5; Fechter et ai, 1996). The DNA-specific 
fluorochrome Hoechst 33342 (bisBenzimide, 1/xg/ml) was used to visualize male and 
female genetic material. To distinguish sperm bound to the egg surface from sperm 
incorporated into the egg cytoplasm, dual labeling procedure described in Chapter 2 
was used. DNA was labeled with Hoechst 33342 and the egg surface with FITC- 
conjugated wheat germ agglutinin (WGA). Microscopy was performed on either a 
Nikon Optiphot with phase contrast and epifluorescence optics, a Nikon Diaphot with 
differential interference contrast (DIC)/Nomarski, or a Noran Instruments (Madison, 
WI) argon laser confocal with Intervision Software.
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Inhibition Experiments
The following three categories of compounds that differentially impact MT 
polymerization were utilized, (a) Colchicine and colcemid prevent the polymerization of 
MTs. Colchicine, derived from autumn crocus, forms a complex with tubulin on MT 
ends preventing further polymerization and depolymerization at higher concentrations. 
Colcemid, a synthetic analog induces similar effects and is slightly more reversible 
(Bray, 1992). (b) Nocodazole, a synthetic benzimidazole, promotes MT 
depolymerization (Bray, 1992). (c) Paclitaxel, derived from the yew tree Taxus 
brevifolia, stabilizes MTs and prevents their depolymerization, thereby inhibiting MT 
dynamics.
To inhibit MT (MT) polymerization, periodate treated eggs (0.005% sodium 
periodate for 2 min) were aliquoted into one of several treatments: PW control, 
dimethyl sulfoxide (DMSO) control (0.4%), colchicine (50 to 200 /xM), colcemid 
(51 /tM), nocodazole (100 nM, 50 jzM), or paclitaxel (10 /xM). Eggs were 
incubated in inhibitor for 10 min then inseminated in the presence of the inhibitor 
without washing. Samples were fixed at 10 and 30 min PI. Real-time observations 
were captured using video microscopy from 30 sec to 40 min PI. To determine the 
reversibility of the inhibitors, eggs were pretreated with periodic acid, incubated in 
inhibitor for 10 min, washed 2x with PW, and inseminated.
Statistical Analysis
For each trial, eggs from a single female were divided into the treatment 
groups. From each treatment, 100 eggs were scored for incorporated sperm nuclei and
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polar body formation. Replicate trials (n=5, except paclitaxel n=3) were performed and 
means of numbers of eggs with incorporated sperm was calculated for all treatments.
A two-way analysis of variance (ANOVA) blocking for variability between trials (i.e. 
different batches of eggs) as one factor and treatment as the second factor or paired T- 
tests were performed using SigmaStat™ software (version 2.0). Tukey multiple 
comparisons were performed if significant differences (a = 0.05) were found. 
RESULTS
In both normal (control) fertilizations and fertilization in the presence of MT 
inhibitors, D. polymorpha sperm bound to the egg surface within 30 sec of 
insemination and an insemination cone formed by 3 min PI. The insemination cones of 
both control and MT inhibited trials were morphologically similar and the sperm head 
and mitochondria passed through the oolemma and entered the egg cytoplasm within 4 
min of binding (Figs. 4.1,4.2). Compared to the control, there was no significant 
difference in the numbers of eggs exhibiting sperm entry in the colchicine (p=0.935), 
nocodazole (p=0.774) (Figs. 4.2, 4.4), or paclitaxel (p=0.860) (Fig. 4.6) treated 
samples. Colcemid did significantly decrease sperm entry relative to controls 
(p=0.032); however, greater than 68% of the eggs had sperm incorporated (Fig. 4.5). 
Polar body formation was blocked in all MT inhibitor trials. The female chromatin 
appeared scattered in comparison to control eggs where chromosomes were organized 
on a meiotic spindle (Fig. 4.7, 4.8).
In control fertilizations, the sperm head passed through the insemination cone, 
rotated 180° in the egg cortex positioning its basal end toward the egg center, and
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Figure 4.1 DIC microscopy time series of captured video images showing the 
incorporation of the sperm head during a normal (control) fertilization. The arrowhead 
parallels the left side of the sperm and illustrates the orientation of the sperm head with 
the apex of the arrowhead corresponding to the anterior end o f the sperm nucleus, (a) 
Sperm head immediately subjacent to insemination cone (>k). (b-d) Sperm head rotated 
and was laterally displaced along the egg cortex. Notice the rotation and lateral 
displacement of the sperm nucleus along the egg cortex relative to the insemination 
cone. Times indicate elapsed time from initial frame (a).
Figure 4.2 DIC microscopy time series of captured video images showing the 
incorporation of the sperm head into eggs exposed to 100 nM Nocodazole. The 
arrowhead parallels the left side of the sperm and illustrates the orientation of the sperm 
head with the apex of the arrowhead corresponding to the anterior end of the sperm 
nucleus, (a) Sperm head immediately subjacent to insemination cone (#). (b) Sperm 
head remained subjacent to insemination cone, did not undergo rotation or lateral 
displacement, (c) Sperm head separated from the attached flagellum and moved deeper 
into the egg The arrow marks a particle adhering to the flagellum. Notice the flagellum 
remains external to the egg. Times indicate elapsed time from initial frame (a).
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Figure 4.3. The effect of the MT inhibitor colchicine on sperm entry. Unfertilized 
eggs were pretreated with periodic acid then incubated in either a pondwater (PW) 
control, 50 pM colchicine (Colch), 100 pM colchicine. Eggs were incubated 10 min 
and inseminated directly in the egg-inhibitor solution. Eggs were fixed at 10 min PI and 
100 eggs scored for incorporated sperm. Values are mean percentage of eggs with 
incorporated sperm ± standard error for 5 replicate trials. No statistically significant 
difference was detected between treatments based on a two-way ANOVA (p=0.935) 
blocking for variability among trials.
Figure 4.4. The effect o f the MT inhibitor nocodazole on sperm entry. Unfertilized 
eggs were incubated in either 50 pM nocodazole (Noc) in 0.6% DMSO or DMSO 
(0.6%) control (DMSO Ctl). Eggs were incubated 10 min and inseminated directly in 
the egg-inhibitor solution. Eggs were fixed at 10 min PI and 100 eggs scored for 
incorporated sperm. Values are mean percentage of eggs with incorporated sperm ± 
standard error for 5 replicate trials. No statistically significant difference was detected 
between treatments based on a paired T test (p=0.774).
Figure 4.5. The effect of the MT inhibitor colcemid on sperm entry. Unfertilized eggs 
were incubated in either 50 nM colcemid in 0.6% DMSO or a 0.6% DMSO control 
(DMSO Ctl). Eggs were incubated 10 min and inseminated directly in the egg-inhibitor 
solution. Eggs were fixed at 10 min PI and 100 eggs scored for incorporated sperm. 
Values are mean percentage of eggs with incorporated sperm ± standard error for 5 
replicate trials. A statistically significant difference was detected based on a paired T 
test (p=0.032). * - indicates significant difference.
Figure 4.6. The effect of the MT stabilizer paclitaxel on sperm entry. Unfertilized 
eggs were incubated in either 10 pM paclitaxel in 0.8% DMSO or a 0.8% DMSO 
control (DMSO Ctl). Eggs were incubated 10 min and inseminated directly in the egg- 
inhibitor solution. Eggs were fixed at 10 min PI and 100 eggs scored for incorporated 
sperm. Values are mean percentage of eggs with incorporated sperm ± standard error 
for 3 replicate trials. No statistically significant difference was detected between 
treatments based on a paired T test (p=0.860).
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moved laterally along the egg cortex (Fig. 4.1). The direction of lateral movement was 
towards the quadrant of the egg containing the female genome. Following rotation, the 
majority of the axoneme entered the egg cytoplasm. During the initial axonemal 
incorporation when the sperm head was immediately 10 pm) subjacent to the cortex, 
the sperm head frequently pivoted around the entry point through angles exceeding 90° 
(Fig. 4.9). As more of the axoneme entered the cytoplasm, the axoneme extended 
deeper into the egg cortex relative to the sperm head which remained near the egg 
cortex (Fig. 4.11). Once the bulk of the axoneme passed through the oolemma, the 
sperm head frequently moved rapidly through the egg cytoplasm. This movement did 
not occur in the typical sinusoidal sperm swimming pattern. Rather, a portion of the 
axoneme extended ahead of trailing sperm head (Fig. 4.11) along the direction of 
movement.
While not impacting sperm head entry into the egg cortex, MT inhibitors 
suppressed the rotation and lateral movement of the sperm head along the cortex. 
Furthermore, MT inhibitors prevented the incorporation of the sperm axoneme into the 
egg cortex (Figs. 4.10, 4.12). Under these conditions, the sperm heads exhibited rapid, 
sporadic oscillations immediately subjacent to the insemination cone for several minutes 
after passage through the cone. This sporadic oscillation seen in MT inhibitor trials 
corresponded temporally to the period of expected axoneme incorporation in control 
fertilizations. In most inhibitor observations, the sperm remained immediately 
subjacent to the cone up to 7 min PI and the axoneme ultimately fractured allowing the 
sperm nucleus to move deeper into the ooplasm (Fig. 4.2). During this period the
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Figure 4.7. Complementary phase (a) and epifluorescent (b) micrographs of control 
fertilization eggs incubated in 0.6% DMSO for 10 min prior to insemination. Eggs 
were fixed at 10 min PI and stained with the DNA-specific fluorochrome Hoechst 
33342. The female chromatin (?) was positioned subjacent to the first polar body (pb) 
following meiosis I. The male chromatin (cf) was seen decondensing in the egg 
cytoplasm. Bar = 25 pm
Figure 4.8. Complementary phase (a) and epifluorescent (b) micrographs of an egg 
incubated in 50 nM colcemid for 10 min prior to insemination. Eggs were fixed at 10 
min PI and (b) stained with the DNA-specific fluorochrome Hoechst 33342. Sperm 
entered the egg cytoplasm and began chromatin decondensation (a"). The female 
chromatin appeared scattered and not arranged in either the arrested (metaphase) or 
activated (anaphase) orientation. Bar = 25 pm
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Figure 4.9. A diagrammatic representation of the oscillations exhibited by a single 
sperm head following its passage through the insemination cone. Once the sperm head 
has entered the egg cortex there was a coordinated flexing of the internal and external 
portions of the flagellum. This movement resulted in oscillation o f the sperm head 
(l->4) within the egg cortex.
Figure 4.10. Epifluorescent micrograph of an colchicine-treated egg fertilized with a 
sperm dual labeled with FITC-WGA (green) and Hoechst 33342 (blue) prior to 
insemination. The sperm nucleus (arrowhead) was incorporated into the egg cytoplasm 
and began decondensing. Colchicine inhibited the incorporation of the sperm flagellum, 
which was visualized by the FITC-WGA labeling of the sperm plasma membrane 
(arrow). Bar = 25 pm
Figure 4.11. Complementary epifluorescent micrographs of the incorporated sperm 
flagellar axoneme. (a) The incorporated flagellar axoneme (arrowhead) was labeled 
with a monoclonal antibody to acetylated tubulin, (b) The sperm nucleus was 
positioned along the egg cortex (cf). Notice the axoneme extended deeper into the egg 
cytoplasm relative to the peripherally positioned sperm nucleus. 10 min PI. Bar = 25 
pm
Figure 4.12. Complementary epifluorescent micrographs of an egg treated with 
colchicine prior to insemination and dual labeled with (a) monoclonal antibody to 
acetylated tubulin (green) and (b) Hoechst 33342 (blue), (a) No incorporated 
axoneme was observed association with fertilizing sperm nuclei (a") seen in (b). These 
findings support real-time observations that the sperm axoneme was not incorporated 
in the presence MT inhibitors. Bar = 25 pm
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sperm flagellum was visible extending out through the insemination cone. On occasion, 
the unincorporated portion of the flagellum detached from the egg surface and 
remained active for several minutes. In contrast to control observations (Fig. 4.11), 
probing MT-inhibited eggs with the flagellar monoclonal antibody failed to label an 
axoneme associated with decondensing sperm nuclei (Fig. 4.12).
Approximately 8 min PI, sperm nuclei began to decondense in both control and 
inhibitor trials (Fig. 4.13). Sperm mitochondria separated from the nucleus and moved 
away from the nucleus concurrent with the decondensation of the sperm chromatin.
A small sperm aster started to develop concurrent or immediately after the 
onset of sperm chromatin decondensation (Fig. 4.15). The aster formed at the base of 
the decondensing sperm head and was only detectable with the monoclonal yeast a- 
tubulin antibody, visualized with confocal microscopy. In contrast, the female meiotic 
spindle and astral array where clearly discernible with light microscopy. In control 
fertilizations, the sperm aster was detectable as a diminutive structure as late as 40 min 
PI. During this period the female aster and associated bundle were substantially larger 
in size (Fig. 4.14)(WaIker, 1996). Colchicine-treated eggs exhibited no obvious sperm 
aster and the female meiotic spindle was not observed. The resumption o f meiosis, 
visualized as movement of chromosomes into anaphase I, was used as an indicator of 
egg activation. The status of egg activation in MT inhibitor treatments was difficult to 
ascertain due to the disruption of the meiotic spindle.
Flow of Cytoplasmic Particles
Concurrent with axoneme entry, sporadic “vibrations” were observed in the egg 
cytoplasm between the sperm head and the sperm entry site near the expected position
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Figure 4.13. Phase microscopy time series of captured video images showing the 
decondensation of the sperm nucleus (a) and (b) and the formation o f the male 
pronucleus (c) and (d) in a control fertilization. Arrow - male chromatin. Bar = 25 pm
.Figure 4.14. Phase microscopy time series of captured video images showing the 
decondensation of the sperm nucleus (a) and (b) and the formation of the male 
pronucleus (c) and (d) in an egg incubated in 100 pM colchicine for 10 min prior to 
insemination. Arrow - male chromatin. Note multiple sperm pronuclei indicating a 
polyspermic egg. Bar = 25 pm
Figure 4.15. Laser scanning confocal image of a diminutive sperm aster in an egg. The 
30 min PI egg was labeled with a monoclonal antibody to yeast a-tubulin. Notice the 
relatively small size of the male aster (small arrow) in relation the large MT array (large 
arrow) associated with the female pronucleus and polar body. The * indicates the 
relative position of the sperm nucleus dual labeled with Hoechst 33342 (not shown). 
Bar = 25 pm
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of the axoneme. A directed flow of cytoplasmic particles was similarly observed 
originating near the base of the sperm head and flowed deeper into the ooplasm up to 
10 pm in distance. The vibrations observed in the egg cytoplasm commenced shortly 
after rotation and lateral displacement of the sperm head. The duration of the 
movement lasted from 1-3 min and ceased shortly before the sperm nucleus began to 
decondense. No flow of cytoplasmic particles was observed in eggs where axonemal 
incorporation was prevented by exposure to MT inhibitors. Similarly, the flow of 
cytoplasmic particles was also observed in eggs exposed to MT inhibitors followed by 
washing prior to insemination.
DISCUSSION
This study demonstrated that polymerization o f MTs were not required for the 
initial incorporation of the sperm nucleus into the egg cortex in D. polymorpha. 
Microtubules have not been shown to be involved in initial entry of sperm into eggs in 
marine invertebrates (Schatten and Schatten, 1981; Schatten eta i, 1982, 1989) and 
algae (Swope and Kropf, 1993). The present study demonstrated that entry of the 
sperm head into the egg of a freshwater bivalve was unaffected by inhibitors of MT 
polymerization (colchicine, nocodazole, colcemid; Figs. 4.3-4.5) or stabilizer of MT 
polymerization (paclitaxel; Figs. 4.6). Sperm were able to enter the egg cortex in 
inhibitor trials at a rate (1 pm/min) similar to that observed in normal fertilizations. MT 
inhibitors able to penetrate the egg and were effective at disrupting the meiotic spindle 
thereby preventing polar body formation.
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No MT array was observed associated with entering sperm nuclei using the a- 
tubulin monoclonal antibody labeling of fertilized eggs. This contrasts with the 
microfilament-containing insemination cone labeled with phalloidin (see Chapter 3). 
The first fluorochrome-detectable MTs associated with entering sperm were the 
diminutive sperm aster adjacent to decondensing sperm chromatin (Fig. 4.15). Small 
sperm asters have been reported for other bivalve species (Longo and Anderson, 1969, 
1970; Longo et al., 1993). In contrast, the sperm asters in sea urchins are significantly 
larger (Longo and Anderson, 1968). In most invertebrate and mammalian systems, the 
sperm aster is believed to be responsible for the migration of the male and female 
pronuclei during syngamy. In urchins, the sperm aster extends toward the female 
pronucleus and is believed responsible for the migration of the two pronuclei 
(Zimmerman and Zimmerman, 1967; Longo, 1976; Schatten, 1981; Bestor and 
Schatten, 1981; Sluder etal., 1985). The precise role o f the sperm aster in D. 
polymorpha is not fully understood. The sperm aster remains during pronuclear 
migration in Mytilus (Longo and Anderson, 1969) and Spisula (Longo and Anderson, 
1970). Furthermore, as found in urchins (Zimmerman and Zimmerman, 1967), 
colcemid prevents pronuclear migration in D. polymorpha (Walker, 1996).
A markedly larger MT array is associated with the female chromatin in D. 
polymorpha (Walker, 1996). A dense bundle of MT is observed immediately subjacent 
to the polar bodies. Emanating from the MT bundle toward and surrounding the 
female pronucleus is a prominent cone-shaped array of MTs. This MT bundle is 
believed to anchor the female pronucleus and guide its centrad movement into the egg
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(Walker, 1996). The large female aster is also believed to play an important role in 
movement of the male pronucleus. An analogous structure may also be present in both 
Spisula and Mytilus (Longo, 1973).
Following entry of the sperm head into the cortex, a bulk of the sperm axoneme 
was incorporated into the egg cytoplasm in D. polymorpha (Fig. 4.11). During this 
incorporation dramatic movements o f the sperm head were observed as well as a lateral 
migration of the sperm head along the egg cortex. These movements may be 
analogous to “jerking” movements exhibited by urchin sperm during axoneme 
incorporation (Schatten, 1981). Schatten (1981) suggests the continued movement of 
the sperm tail may be involved in its movement through the fertilization cone and into 
the cytoplasm proper. In D. polymorpha, there is an obvious correlation between 
movements of the flagellum as it enters the egg cytoplasm and movements exhibited by 
the sperm head in the egg cortex. The exact mechanisms involved in flagellar 
incorporation are not known. Video microscopic observations of both urchins 
(Schatten, 1981) and zebra mussels (this study) suggest flagellar movement may play 
be involved. Furthermore, flagellar incorporation in D. polymorpha was blocked by 
MT inhibitors. These observations provide several interesting findings. First, MT 
polymerization appears to be essential for flagellar incorporation in D. polymorpha.
This finding is in contrast to urchins where nocodazole did not inhibit axoneme 
incorporation (Schatten and Schatten, 1981; Fechter et al, 1996). Second, the 
exaggerated movement of the sperm head immediately subjacent to the insemination
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cone during the inhibited axoneme incorporation further supports the concept that 
flagellar movement plays a role in axoneme incorporation.
In contrast, Epel et al. (1977) reported that deflagellated sperm heads were 
able to bind and enter sea urchin eggs. Attempts to duplicate those experiments with 
D. polymorpha in the present investigations were unsuccessful. Finally, Schattten and 
Schatten (1981) reported that MT inhibitors increased the lateral displacement o f the 
sperm head along the cortex and that the formation of the sperm aster may signal the 
end of this lateral movement (Schatten, 1982). In D. polymorpha, lateral displacement 
of the sperm head was restrained by the attached yet unincorporated flagellum. Lateral 
displacement and decondensation was observed following the severing of the flagellum.
Following axonemal incorporation and quiescence, the sperm mitochondria 
separated from the nucleus as it began to decondense (Fig. 4.13). As in other 
invertebrate species (Schatten and Schatten, 1981), sperm decondensation in D. 
polymorpha was not affected by MT inhibitors. In mammalian systems, disruption of 
disulfide bonds by glutathione followed by the replacement of sperm protamines with 
oocytic histones is believed to facilitate sperm nuclear decondensation (Wiesel and 
Schultz, 1981) and may be involved in mitochondrial separation (Sutovsky et al.,
1996). In urchins, sperm chromatin decondensation involves the phosphorylation of 
sperm-specific histones and their replacement with egg-specific histones (Garbers et al., 
1980; Poccia etal., 1981 Green & Poccia 1985).
In zebra mussels, nuclear decondensation and mitochondrial separation appear 
to be unaffected by MT inhibitors suggesting that flagellar detachment is also
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unaffected. Microtubules appear to be essential for detachment of the sperm tail, the 
migration of the tail toward the female pronucleus, and its disassembly in sea urchins 
(Schatten and Schatten, 1981; Fechter et al., 1996).
Flow of Cytoplasmic Particles
During axoneme incorporation, a significant amount of movement was 
detected in the egg cytoplasm in the region of axonemal penetration. Flows of 
cytoplasmic particles were observed in numerous regions near the site of sperm entry 
and conspicuously originating at the basal region of the sperm head. The impetus or 
functional significance of this flow remains in question. Two possible sources 
generating these currents include (1) beating by a functional axoneme displacing the 
particles; or (2) plus-end directed transport along axonemal MTs by motor proteins 
associated either with the cytoplasmic particles or the sperm axoneme.
There appear to be few, if any, reported instances where flagella retain dynamic 
function once incorporated into the egg cytoplasm (Schatten, 1981; Schatten, 1982). 
The last movement typically associated with flagellar bending appears to be shortly 
after sperm binding in most systems. Movement of the sperm nucleus once inside the 
egg is associated with cytoskeletal elements, specifically MTs associated with the 
sperm aster (Schatten, 1982; see Longo, 1987). Due to technical limitations, it is 
difficult to isolate movements attributed to incorporated axonemes from egg-derived 
events. Nevertheless, several pieces of evidence support the concept of an active 
axoneme inside the egg.
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First, the sperm axoneme retains the ability to generate movement following 
demembranation during incorporation. Active movement by isolated, demembraned 
sperm axonemes has been demonstrated in other species (see Bray, 1992). Second, 
video microscopy of fortuitously ruptured fertilized D. polymorpha eggs revealed 
incorporated sperm vigorously moving within the collapsing egg membrane (data not 
shown). Third, there is an apparent alteration of the flagellar beat pattern in 
incorporated sperm. During the rapid translocation of the sperm through the egg 
cytoplasm (Misamore et al., 1996), the sperm head trails the proximal portion of the 
axoneme. The proximal third of the axoneme becomes the leading portion of the 
moving sperm cell. Similar types of flagellar driven movement can be seen in other 
systems. For example, the single cell flagellate Euglena moves via a singular flagellum 
that extends slightly more anterior than the cell body before bending posteriorly (see 
Bray, 1992). Helical waves running the length of the flagellum propel the cell forward, 
resulting in a rotational movement to the cell body. Hamster sperm exhibit a 
pronounced change in beat pattern upon entry into the dense cumulus oophorous 
surrounding the egg. Penetrating sperm frequently progress with the proximal portion 
of the flagellum extending slightly forward with the head ratcheting through the dense 
cumulus oophorous (Yanagimachi, 1994). The change in flagellar beating seen in D. 
polymorpha may be attributable to the greater viscosity o f the egg cytoplasm relative to 
the external milieu.
A second potential source of the observed cytoplasmic flow could result from 
active movement of particles down the exposed axoneme MTs by molecular motors.
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The plus-end directed flow of particles suggests the possible presence of a kinesin or 
kinesin-like motor. Initial attempts to label incorporated axonemes with ldnesin 
antibodies have been unsuccessful (data not shown); however, support for this 
hypothesis is as follows.
Microtubule motors are relatively abundant in the egg cytoplasm. Gilksman 
and Salmon (1993) reported substantial MT gliding along surfaces coated with an 
ooplasm extract. Scholey et al. (1985) has isolated a kinesin from urchin eggs. Porter 
et al. (1987) showed that this egg kinesin exhibited plus-end movement along isolated 
axonemes and kinesin-coated beads translocate along centrosome MTs. Furthermore, 
Kozminski etal. (1995) found that a flagellar kinesin, FLAIO, facilitated intraflagellar 
bidirectional movement of particles along the length of Chlamydomonas flagella.
Clearly more detailed testing of this hypothesis is needed.
Finally, no flow of cytoplasmic particles was observed in D. polymorpha 
zygotes when axoneme incorporation was blocked with MT inhibitors. The observed 
flow is either directly, or at least indirectly, related to the incorporated flagellum. The 
significance of this particle flow down the axoneme remains an intriguing question.
In summary, polymerization of MTs does not appear to be essential for entry of 
the sperm head into the egg cortex (Fig. 4.8), but is required for the subsequent 
incorporation of the sperm axoneme into the egg cytoplasm (Fig. 4.10). Observations 
also suggest that flagellar beating may play a role in not only flagellar incorporation but 
translocation of the sperm head prior to formation of the sperm aster. Sperm nuclear 
decondensation was unaffected by MT inhibitors (Fig. 4.14) and a diminutive sperm
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aster was associated with decondensing nuclei and sperm pronuclei (Fig. 4.15). The 
aster was significantly smaller in size relative to the MT array associated with the 
female pronucleus and does not radiate outward toward the female genome. The 
sperm axoneme appears to retain dynamic function for several minutes following 
incorporation into the ooplasm. A flow of cytoplasmic particles directed toward the 
plus-end o f the axoneme was observed during axonemal incorporation. This flow was 
not observed when axoneme incorporation was inhibited.
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CHAPTER 5: TRACING SPERM COMPONENTS DURING 
INCORPORATION INTO THE EGG CYTOPLASM
INTRODUCTION
Marine invertebrate species, particularly echinoderms, have served as model 
systems for studying numerous aspects of fertilization. Since the early works of E. B. 
Wilson (1925) and E. E. Just (1919), echinoderms have served as the invertebrate 
model for studying all aspects o f fertilization including chemotaxis (Ward et al., 1985), 
the acrosome reaction (Dan, 1967), gamete binding (Vacquier and Moy, 1977), 
species-specific recognition (Summers and Hylander, 1975), fertilization cone 
formation (Tilney and Jaffe, 1980), membrane fusion (Yanagimachi et al., 1973), egg 
activation (Just, 1919; Jaffe, 1980), and pronuclear migration and syngamy (Longo and 
Anderson, 1969; Hamaguchi and Hiramoto, 1980; Schatten, 1981). Other groups of 
invertebrates have served as parallel model systems. These include echiuroid worms 
(Gould, 1967), ascidians (Lambert, 1982; Fukumoto, 1996), cnidarians (Miller, 1966; 
O'Rand, 1972) and decapods (Clark, Jr. and Griffin, 1969; Lynn, 1983). Another 
major taxonomic group that serves as a model system is the Mollusca, particularly the 
bivalves. The principle molluscan model species have been Spisula, Mytilus, and 
Ilyanassa and Crassostrea, Lymnaea, Helix to lesser degrees (see Longo, 1983)
The freshwater bivalve Dreissena polymorpha has been proposed as an 
alternative model system (Franzen, 1983; Sprung, 1987, 1991; Fong et al., 1993,
1994, 1995; Ram etal., 1993a; Ram and Nichols, 1993b; Ackerman et al., 1994; 
Mojares et al., 1995; Misamore et al., 1996; Kreimborg and Lynn, 1996; Walker et
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al., 1996). The zebra mussel is easily maintained and induced to spawn (Ram et al., 
1993a), produces relatively large quantities of gametes, possesses eggs with translucent 
cytoplasm (Misamore et al., 1996) and has a relatively rapid developmental time (first 
cleavage by 60-70 min). Moreover, D. polymorpha can serve as a unique link between 
freshwater invertebrates whose gametes must deal with minimal ionic environments and 
the typical marine model systems. Consequently, detailed studies have been conducted 
addressing various aspects of fertilization including gamete morphology (Franzen, 
1983; Ackerman etal., 1994; Mojares et al., 1995; Misamore et al., 1996; Walker et 
al., 1996), hormonal regulation (Fong etal., 1993, 1994, 1995; Ram et al., 1993 a; 
Ram and Nichols, 1993b), ionic requirements (Dietz et al., 1994; Fong et al., 1995), 
and cytoskeletal involvement (Walker, 1996).
Early fertilization events in D. polymorpha are similar to those reported for 
other invertebrate species (Misamore etal., 1996; see Longo, 1983). Sperm bind 
perpendicular to the egg surface and enter into the egg cortex through a small 
insemination cone in a microfilament-dependent process (see Chapter 3). The sperm 
head and attached mitochondria rotate 180°, positioning the nucleus basal end centrad, 
and migrate laterally along the egg cortex. After sperm head entry, the bulk of the 
sperm axoneme is drawn into the deeper egg cytoplasm in a microtubule-dependent 
process (see Chapter 4). After axonemal incorporation, the sperm becomes 
quiescent/nonmotile and the male chromatin decondenses followed by pronuclear
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formation. Pronuclear migration, syngamy and an asymmetrical first cleavage occur by 
60 min postinsemination(PI)(Misamore et al., 1996).
The objective o f the present study was to track the various components of the 
sperm during fertilization in Dreissena polymorpha. The present findings suggest that 
during fertilization the sperm membrane remains initially associated with the egg 
surface as a distinct patch that disperses over time. The incorporated nucleus 
decondensed in a manner similar to other reported invertebrate models and real-time 
decondensation rates were comparable to the rates at fixed time point o f previous 
studies. Sperm mitochondria were incorporated, separated from the sperm nucleus 
during nuclear decondensation, and remained predominately associated with the CD 
blastomere. Additionally, the sperm axoneme was incorporated, separated during 
decondensation and remained visible in the egg cytoplasm up to 30 min PI.
METHODS
Sample Collection and Fixation
Animals were collected from Portage Lake, MI near Detroit and the 
Mississippi River near Baton Rouge, LA, maintained at 9°C in artificial pondwater 
(PW; Dietz et al., 1994) and individually isolated overnight prior to spawning. 
Spawning was induced by exposure to 2 x 10“* M serotonin (Ram et al., 1993a). 
Samples were fixed with one of several protocols. For light and epifluorescent 
observations eggs were fixed for 3 h in 3.2% paraformaldehyde in a mussel buffer 
solution (5 mM TAPS, 0.8 mMNaCl, 0.145 mMKCl, N a^O * 0.887 mM
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MgSCVTHjO, 1.32 mMNaHC03, 1.19 mMCaCl2 #7H20 , 0.01% sodium azide, pH = 
7.6). For antibody labeling of microtubules, samples were first permeabilized for 5 min 
in an extraction buffer (1 mM TAPS, 5 mM KC1, 0.5 mM MgClj, 1 mM EGTA, 0.05% 
Nonidet P40, 1% glycerol, pH = 7.6) followed by a 3-h fixation in 3.2% 
paraformaldehyde in a low Ca2+ buffer (3 mM EGTA, 10 mM TAPS, 3 mM NaCl, 1 
mM KC1, 1.5 mM MgS04, 0.01% sodium azide, pH = 7.6). Fixed samples were 
subsequently transferred into phosphate buffered saline (PBS) (8.1 mM sodium 
phosphate dibasic, 1.8 mM sodium phosphate monobasic, 25 mM NaCl, 25 mM KC1, 
0.5% bovine serum albumin, pH = 7.9). For electron microscopy observations, 
samples were fixed with 2.5% glutaraldehyde in mussel buffer, washed 2x with 30 mM 
sodium cacodylate buffer, postfixed in 0.5% (w:v) osmium tetroxide (1 h), dehydrated 
through a graded acetone series, and embedded in a modified Spurr’s media (Spurr, 
1969).
Fluorescent Labeling
To label DNA, fixed samples were stained with Hoechst 33342 (bisbenzimide) 
at a final concentration of lpg/ml or 7-aminoactinomysin D (Molecular Probes, Inc.) at 
1 pg/ml for 10 min. Alternately, live sperm were also labeled with 1 pg/ml Hoechst 
33342 prior to insemination. This did not adversely affect the fertilization ability of the 
sperm (Luttmer and Longo, 1986).
To demarcate sperm axonemes, permeabilized eggs were labeled with a 
monoclonal antibody to acetylated a-tubulin (Sigma Chemicals) at 1:100 dilution. This
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was visualized with an FITC-conjugated secondary antibody. Axonemal tubulin 
contains a posttranslational acetylation not exhibited in cytoplasmic microtubules 
(LUemault and Rosenbaum, 1983; LHemault and Rosenbaum, 1985). Fechter et al. 
(1996) showed that antibodies specific to acetylated a-tubulin recognize sea urchin 
axonemal tubulin but not egg tubulin. The specificity o f the antibody o acetylated a- 
tubulin in D. polymorpha was confirmed by Western blot (data not shown).
Sperm mitochondria were labeled with MitoTraker™ (Molecular Probes) 
probe, which is sequestered by active mitochondria. Sperm were incubated in 400 nM 
MitoTraker™ for 10 min prior to insemination. Periodic epifluorescent observations 
of mitochondrial movement were made in developing eggs through the eight-cell stage.
To label the surfaces of sperm, sperm were incubated in 10 pg/ml FITC 
conjugated wheat germ agglutinin (WGA) for 10 min prior to insemination. This lectin 
binds to N-acetylglucosamine and N-neurominic acid residues and has been shown to 
label the entire surfaces of D. polymorpha eggs and sperm (Fig. 5.1) (Kreimborg and 
Lynn, 1996). To reduce labeling, eggs were pre-blocked with 10 pg/ml unlabeled 
WGA prior to insemination with FITC-WGA labeled sperm. Eggs were exposed to 0.6 
|ig/ml of FITC-WGA label introduced with the sperm during insemination. This level 
of FITC-WGA did not produce appreciable fluorescence in eggs previously blocked 
with unlabeled WGA (Fig. 5.2).
Microscopy and Image Analysis
Light and epifluorescence microscopy was performed on Nikon Optiphot, 
Diaphot, or Microphot microscopes with phase or differential interference contrast
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Figure 5.1. The FITC-conjugated lectin, WGA, bound to the entire surface of the 
sperm with highest localization in the acrosomal region (arrowhead). Sperm were 
labeled with 10 pg/ml for 10 min. Bar =15 pm.
Figure 5.2. (a) The FITC-conjugated lectin, WGA, bound to the entire surface of the 
egg when exposed to a 10 pg/ml concentration, (b) When eggs were blocked with 10 
pg/ml unlabeled WGA prior to exposure to 0.6 pg/ml FITC-WGA, minimal 
fluorescence was observed up to 30 min following labeling. This level of FITC-WGA 
was equivalent to the labeled introduced with the sperm during insemination. Bar = 25 
pm.
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(DIC) optics. A Noran Instruments (Madison, WI) argon laser confocal with 
Intervision™ Software was used for confocal microscopy. Transmission electron 
microscopy (TEM) was performed on a JEOL 100 CX transmission/scanning electron 
microscope.
To determine the rate of sperm decondensation and pronuclear enlargement, 
estimates o f sperm equatorial area were made using a technique adapted from (Luttmer 
and Longo, 1987). Video microscopy series of fertilizations were imported to Image- 
1™ morphometries software. Individual frames were captured and the 2-dimensional 
equatorial surface area of decondensing sperm chromatin was calculated. To 
standardize decondensation rates and adjust for delayed sperm entry relative to PI 
times, image capturing began at the cessation of sperm head movement (quiescence). 
Frame capture was repeated approximately every 2 min beginning at the observed 
sperm quiescence following axonemal incorporation until the start of pronuclear 
envelop formation. Once pronuclei became visible, area estimations were made at 5- 
min intervals.
RESULTS
Sperm Chromatin Decondensation and Pronuclear formation
Sperm nuclei exhibited four stages of decondensation following entry into the 
egg cortex. The first stage began upon initial entry into the egg cortex. The sperm 
nucleus was unchanged and appeared as a highly condensed, uniformly electron-dense 
structure and the nuclear membrane remained intact (Fig. 5.3). Small, vesicular 
structures were observed at the former site of the sperm acrosome in incorporated
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sperm. During real-time DIC observations, the area occupied by the sperm chromatin 
remained relatively constant at 4 pm2 in equatorial cross-sectional area. This extended 
from binding through axonemal incorporation to quiescence at 6 min PI. During this 
period the maternal chromatin was released from metaphase arrest and the first polar 
body formed.
The second stage o f sperm chromatin decondensation began approximately 6 
min PI, coincident with the completion of maternal meiosis I. Beginning at the male 
nucleus periphery, chromatin dispersed outward appearing as a less electron-dense 
region relative to the inner dense region (Fig. 5.4). This dispersion pattern was 
confirmed with Hoechst 33342-labeled zygotes and appeared as an intense fluorescent 
central mass and a less defined outer halo (Fig. 5.5). Nomarski observations o f sperm 
chromatin dispersion revealed an apparent clearing of cytoplasmic particles with the 
expanding chromatin (Fig. 5.6). Dispersion continued for approximately 5 min (10-12 
PI) at which time the chromatin achieved a homogenous appearance occupying 
approximately 50 pm2 in equatorial cross-sectional area. Based on real-time 
observations of individual sperm decondensations, the mean rate of decondensation 
during this phase was 7.9 ± 0.35 pm2/min.
The third stage of sperm chromatin decondensation occurred at approximately 
12 min PI and corresponded with the completion of meiosis II o f the maternal genome. 
The well-defined, spherical appearance of the sperm chromatin dissipated and was no 
longer detectable with DIC microscopy (Fig. 5.6). The chromatin remained “latent” for
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Figure 5.3. TEM micrograph o f a sperm nucleus (n) located in the egg cortex. The 
sperm nucleus has undergone a typical rotation after passing through the egg cortex 
and started to decondense. Notice the attached mitochondrion (m) and the irregular 
sides of the sperm nucleus. Bar = 5 pm.
Figure 5.4 TEM micrograph of a decondensing sperm nucleus (n). Notice the less 
defined nuclear periphery as the chromatin begins to disperse. Bar = 1 pm.
Figure 5.5. Hoeschst 33342-labeled images (a-d) represent a time series of eggs at 
different stages of male decondensation, (a) Approximately 5 min PI. The sperm 
nucleus (cf) appeared highly compart, (b) At 8 min PI, the sperm nucleus began to 
decondense. (c) Sperm nucleus became more translucent during the latent period (20- 
30 min PI), (d) pronuclei develop by 30-40 min PI. Bar = 25 pm.
Figure 5.6. DIC micrograph series of a decondensing sperm nucleus (a"). Images a-d 
corresponds temporally with the epifluorescent images 5.5a-d. Bar = 25 pm.
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approximately the next 8 min. Hoechst 33342 staining of male chromatin during this 
latent period was seen as a uniformly lighter fluorescing region (Fig. 5.5).
Pronuclear formation, enlargement and migration occurred during the final 
stage. At 20 min PI, sperm pronuclei reappeared using DIC optics as small, circular 
structures approximately 28 pm2 in equatorial cross-sectional area. The forming male 
pronucleus exhibited a distinct outer margin which was presumably the pronuclear 
membrane and contrasts with the poorly delineated earlier stages o f decondensation 
(Fig. 5.6). Male pronuclear enlargement occurred over the next 10 min at a mean rate 
o f 10.4 ± 0.39 pm2/min based on real-time observations (Fig. 5.7). The female 
pronucleus formed synchronously with the male pronucleus and at a comparable (10.5 
± 1.0 pm2/min). Both pronuclei continued enlarging during their migration to the cell 
center.
Mitochondrial detachment and dispersion
Upon initial incorporation into the egg cortex, all four sperm mitochondria 
remained closely associated with the centrioles and the basal region of the sperm 
nucleus (Fig. 5.3). Mitochondria remained attached to the nucleus during its lateral 
displacement along the egg cortex and the rapid translocation through the egg 
cytoplasm. At 6 min PI, mitochondria began separating from the basal region o f the 
sperm head (Fig. 5.8). As the sperm chromatin dispersed, the mitochondria appeared 
to travel along with the leading edge of the dispersing nucleus.
Using Sperm mitochondria labeled with Mitotracker™ were observed dispersed 
with no apparent pattern in the general vicinity of the decondensing sperm nucleus (Fig.
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5.8) up to 30 min PI. Based on the dispersal patterns of 60 fertilized eggs, there 
appeared to be no set path taken by the mitochondria (Fig. 5.9). At 10 min PI, the 
mitochondria from an individual sperm were in the same relative proximity. By 30 min, 
there was considerably more separation among the 4 mitochondria.
Following cleavage, all four sperm mitochondria were predominately located in 
the CD blastomere in over 90% of eggs examined (n=66; Figs. 5.10,5.11). Rarely 
(10%), one sperm mitochondrion was isolated in the AB blastomere following 
karyokinesis. Under these circumstances, all 4 mitochondria were located near the first 
cleavage furrow (see Fig. 5.10, red color). When polyspermic conditions existed, there 
were varying degrees of mitochondrial dispersion (Fig. 5.11). The amount of 
separation between mitochondria appeared related to the extent of sperm chromatin 
decondensation. Mitochondria were detectable as late as 3 h PI as faint fluorescent 
regions (Fig. 5.12). The mitochondria appeared to become more oblong in shape. 
There did not appear to be any specific sequestering of mitochondria in a particular 
blastomere
Sperm Membrane Lectin Binding
Sperm dual-labeled with FITC-WGA and Hoeschst 33342 were incorporated 
into the egg cytoplasm by 3 min PI. The sperm nucleus, visualized with Hoechst 
33342, was clearly seen inside the egg cytoplasm. However, all the FITC-WGA label 
remained either at the egg surface or associated with the flagellum extending outside 
the egg (Fig. 5.13). By 15 min PI, the sperm chromatin began to decondense while the 
fluorescence associated with the FITC-WGA spread laterally along the egg surface
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Figure 5.7. Changes in sperm chromatin during its decondensation and pronuclear 
formation. Each line represents the change in equatorial cross-sectional surface 
area of an individual decondensing sperm. The gap between the lines represents the 
latent period when the chromatin was not visible using DIC microscopy.
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Figure 5.8. A dual-illumination image using epifluorescence and brightfield 
illumination allowing for positional reference for both the egg surface and localized 
mitochondria. Sperm were incubated in Mitotracker™ dye prior to insemination. At 6 
min PI the mitochondria (arrowhead) were incorporated into the egg cytoplasm and 
had started to separate from the sperm nucleus. Inset: Mitochondria were clearly 
visible under epifluorescent illumination. Bar = 20 pm.
Figure 5.9 Dual-illumination micrographs showing the distribution of mitochondria in 
two eggs at 30 min PI. Sperm were incubated in Mitotracker™ prior to insemination, 
(a) Three of the sperm mitochondria remain closely associated with the male 
pronucleus (cf). (b) Three mitochondria (arrow) remained close to one another while 
the fourth (arrowhead) moved further away. ? - female pronucleus. Bar = 25 pm.
Figure 5.10 Diagrammatic representation of the distribution of mitochondria from 
individual sperm superimposed on one egg at (a) 10 min (b) 30 min and (c) 70 min PI. 
Each color represents the location of four mitochondria from an individual sperm, (a) 
At 10 min PI the mitochondria from an individual sperm remain in near one another 
while (b) a greater degree of dispersion was seen by 30 min PI. Nearly all 
mitochondria are located in the DC blastomere following cleavage (c).
Figure 5.11. Dual illumination micrograph of a two cell stage embryo showing the 
distribution of the sperm mitochondria exclusively in the CD blastomere. Notice three 
mitochondria (small arrows) are widely dispersed while a set of four (large arrow) 
remained closely associated with one another. Bar = 20 pm.
Figure 5.12. Sperm mitochondria were still faintly detected at 3 hrs PI (arrow). The 
mitochondria appear more oblong in shape and were not distributed in any particular 
blastomere (data not shown). Bar = 25 pm.
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(Fig. 5.14). By 30 min, most of the FITC-WGA label was lost or became too diffuse to 
be resolved except for a small fluorescing locus at the site of sperm entry. This 
concentrated locus remained visible to the two-cell stage providing a convenient 
marker for site of sperm entry. The site of sperm entry was always found on the CD 
blastomere although its position relative to the first cleavage furrow was variable (Fig. 
5.15).
Flagellar Incorporation
Flagellar incorporation began shortly after sperm rotation in the egg cortex. 
Although a portion o f axoneme was incorporated during the initial rotation, most o f the 
incorporation occurred starting 3 min PI, when the sperm head had already rotated. 
Based on real-time observations, the estimated rate of axonemal incorporation was 1 
pm/sec (n=10). Typically by 4 min PI, the majority (^35 of 40 pm) of the axoneme 
entered the egg cytoplasm. Monoclonal antibody to acetylated tubulin selectively 
labeled the axonemal tubulin and not the egg cytoplasmic tubulin (Fig. 5.17). The 
proximal portion of the axoneme, beginning at the distal centriole, extended into the 
deeper cytoplasm before looping backward toward the egg cortex (Fig. 5.16, see also 
4.11). The distal portion o f the axoneme remained close to the sperm entry site. While 
the axoneme extended deeper into the egg, there was no obvious association between 
the axoneme and the female pronucleus.
Detachment of the sperm axoneme occurred approximately 7 min PI, 
corresponding with the dispersion of the nucleus (Fig. 5.17). Following detachment,
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Figure 5.13. Complementary epifluorescent micrographs of a WGA-blocked egg 
inseminated with a sperm labeled with FITC-WGA. The egg was fixed at 7 min PI and 
labeled with Hoechst 33342. (a) A bright fluorescing region was associated with the 
site of sperm entry and the unincorporated flagellum. The FITC label remained on the 
egg surface, (b) The sperm nucleus was incorporated into the egg cortex. - sperm 
nucleus, ? - female chromatin, pb - polar body, Bar = 25 pm.
Figure 5.14. Dual exposure of a dispermic egg inseminated with FITC-WGA labeled 
sperm. The egg was fixed at 15 min PI and labeled with Hoeschst 33342. Notice the 
dispersed FITC label (arrowheads) along the egg surface, o" - decondensing sperm 
nuclei, ? - female chromatin.
Figure 5.15. By the two-cell stage, only a faint patch of the FITC-WGA label remained 
on the egg surface. This patch was always located on the CD blastomere; however, its 
position on the CD blastomere relative to the cleavage furrow varied.
Figure 5.16. An epifluorescent micrograph of a highly polyspermic egg dual labeled 
with Hoechst 33342 (blue) and a monoclonal antibody (green) that selectively labeled 
the acetylated tubulin of the sperm axoneme. * - indicates sperm incorporated into the 
egg cytoplasm.
Figure 5.17. An epifluorescent micrograph of an egg dual labeled with Hoechst 33342 
(blue) and a monoclonal antibody (green) that selectively labeled the acetylated tubulin 
of the sperm axoneme. By 10 min PI, the sperm head (<f) has detached from the 
incorporated axoneme (arrowhead). Notice the specific labeling of the axoneme 
tubulin and not any other egg cytoplasmic tubulin array. ? - female chromatin, pb - 
polar body.
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the axoneme remained visible in the cytoplasm up to 30 min PI after which point it 
became indistinguishable with the background fluorescence.
DISCUSSION
Sperm Nuclear Decondensation
Decondensation of D. polymorpha sperm chromatin and the formation of the 
male pronucleus occurred in a stepwise fashion (Fig. 5.5-7). The initial decondensation 
of the sperm chromatin occurred following completion of meiosis I (7-15 min PI; Fig. 
5.5a-b, 5.6a-b, 5.7). A period of minimal change in sperm chromatin equatorial 
diameter, the latent period, occurred during completion of meiosis II (20-30 min PI;
Fig. 5.5c, 5.6c, 5.7). Synchronous formation of the male and female pronucleus 
occurred following meiosis II (30 min PI; Fig. 5.5d, 5.6d, 5.7).
There appears to be a functional relationship between sperm decondensation 
and the stage at which eggs are inseminated varies with species. Sperm chromatin 
decondensation occurs at a relatively uniform rate in organisms inseminated after the 
completion of meiosis (e.g. echinoids; Luttmer and Longo, 1987). In contrast, eggs 
inseminated prior to meiotic completion show variability in the rate and duration of 
conversion of the sperm genome into a pronucleus (Das and Barker, 1976; Da-Yuan 
and Longo, 1983; Luttmer and Longo, 1987; Longo and Scarpa, 1991).
D. polymorpha eggs are inseminated at metaphase I arrest. Sperm chromatin 
decondensation and formation of the male pronucleus occurred in a stepwise fashion 
with rapid increases following first polar body formation and concurrent with female 
pronuclear formation. In the marine bivalve Spistila solidissima, eggs are inseminated
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at the germinal vesicle stage (GV) and sperm transformation into a pronucleus exhibits 
periods of rapid change in sperm chromatin size corresponding to germinal vesicle 
breakdown (GVBD) and female pronuclear formation (Da-Yuan and Longo, 1983; 
Luttmer and Longo, 1988). Initial decondensation in sperm chromatin in Spisula 
occurs following germinal vesicle breakdown (GVBD). In D. polymorpha, GVBD 
occurred prior to insemination and the initial decondensation o f the sperm chromatin in 
followed completion of meiosis I. Male and female pronuclear formation was 
synchronous in both species. The estimated rates of decondensation in D. polymorpha 
are based on the changes in equatorial surface area of individual sperm nuclei over 
time. These rates correspond remarkably well with rates reported for Spisula that were 
determined based on fixed subsamples taken at discrete time points from developing 
populations of eggs and labeled with Hoechst 33342 to delineate sperm nuclear size 
(Luttmer and Longo, 1988). The apparent coordination between maternal and paternal 
chromatin, the comparable sperm decondensation rates and morphology, and the 
similar responses to cytoskeletal poisons (see Chapters 2 and 3; Luttmer and Longo, 
1988; Longo et al., 1993; Walker, 1996) and polyspermic conditions (Luttmer and 
Longo, 1988; Misamore et al., 1996) suggest that the mechanisms involved in sperm 
nuclear decondensation are conserved among bivalves.
While a mechanism for decondensation has not been described for molluscan 
species, sperm chromatin decondensation in urchins involves modifications, including 
phosphorylation, of two histones (Sp HI and H2B). Sperm histone Sp HI is lost and
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an egg-specific (CS HI) histone is added and the two sperm histones Sp H2B are 
modified into proteins O and P (Green and Poccia, 1985; Collas and Poccia, 1995). 
Mitochondrial Incorporation
All four D. polymorpha sperm mitochondria enter the egg cytoplasm and 
remain closely associated with the sperm nucleus until sperm quiescence. Sperm 
mitochondria separate from the sperm head during chromatin decondensation and are 
retained in the CD blastomere following cleavage. Sperm mitochondria are usually 
incorporated into the egg cytoplasm during fertilization in most vertebrate and 
invertebrate systems (see Longo, 1987). An exception is the ascidians in which sperm 
mitochondria are retained on the extracellular surface of the egg (Lambert and 
Lambert, 1983).
The path taken by sperm mitochondria upon incorporation varies somewhat 
with species. D. polymorpha mitochondria separate from the sperm nucleus 
immediately preceding or concurrent with sperm chromatin decondensation in a 
process independent of both microfilaments and microtubules (see Chapters 2 and 3 
respectively). The association o f the mitochondria with the peripheral margin of the 
decondensing sperm nucleus and variable distribution of the mitochondria through the 
egg cytoplasm preceding cleavage does not suggest an intimate association with either 
the male pronucleus or the sperm aster. In Paracentrotus (Anderson, 1968), Arbacia 
(Longo and Anderson, 1968; Longo, 1973b; Longo, 1991), Lytechinus (Hinkley and 
Newman, 1989), and Mytilus (Longo and Anderson, 1969) sperm mitochondria
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remain closely associated with the sperm nucleus during chromatin dispersion, 
pronuclear formation and frequently migration.
In mice, sperm mitochondria separate from the sperm nucleus shortly after entry 
and are equally distributed throughout the egg cytoplasm and blastomeres following 
cleavage (Gresson, 1940). Conversely, rat mitochondria remain closely associated with 
the flagellum (Szollosi, 1965) while bovine mitochondria separate from the midpiece 
shortly before sperm aster formation and remain in the vicinity of the maternal 
pronucleus during pronuclear migration (Sutovsky et al., 1996).
In D. polymorpha, sperm mitochondria were located in the CD blastomere 
following cleavage. The restriction o f the sperm mitochondria to the CD blastomere is 
most likely attributable to limited diffusion of the mitochondria and the fact that the 
sperm entry site is located on the CD blastomere rather than to an active migration of 
the sperm mitochondria. Retention o f mitochondria in a single blastomere is also 
observed in rats (Szollosi, 1965) and cattle (Sutovsky et al., 1996). Conversely, 
mitochondria are evenly distributed between blastomeres in both Mytilus (Meves, 1915 
cited in Longo and Anderson, 1969b) and mice (Gresson, 1940)..
The ultimate fate of sperm mitochondria in most systems appears to be 
destruction. In D. polymorpha, sperm mitochondria were detectable until the eight-cell 
stage before fluorescent labeling was lost (Fig. 5.12). Whether this indicates the 
actually degradation point of the sperm mitochondria or just a loss o f fluorescence 
requires further investigation. Sperm mitochondria are detectable as late as the two- to 
four-cell stage in mammals (Perreault et al., 1987; Gyllensten et al., 1991; Sutovsky et
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al., 1996) and invertebrates (Anderson, 1968; Hinkley and Newman, 1989; Longo 
1991) before degradation begins.
Membrane Denudation
In D. polymorpha, FITC-WGA labels the surfaces of both gametes (Kreimborg 
and Lynn, 1996) and labeling can be blocked with pretreatment with unlabeled WGA. 
By blocking the egg-surface oligosaccharides with unlabeled WGA and labeling sperm- 
surface oligosaccharides prior to insemination, a method of differentiating gamete 
surfaces was devised that allowed real-time observations of antigen movement during 
fertilization in D. polymorpha. These technique produced comparable results with 
previous lectin labeling of membrane fusion in Arbacia (Longo, 1986b) and Spisula 
(Longo, 1982). The concentrated labeling at the sperm entry site suggests that WGA 
binding was specific to the sperm surface, did not transfer into nuclear or mitochondrial 
membranes, and remained associated with the egg surface after sperm incorporation.
In both vertebrate and invertebrate systems there is a fusion between sperm and 
egg plasma membranes (Colwin and Colwin, 1967) and the sperm plasma membrane 
appears to remain associated with the egg plasma membrane resulting in a mosaic 
membrane associated with the site of sperm entry (see Longo, 1987).
The diffusion of the label along the egg surface suggests either the transfer of 
the FITC-WGA from sperm membrane carbohydrate moieties to egg membrane 
moieties independent of membrane movement or an intermixing of egg-sperm 
membranes. More detailed observations, particularly on the EM level, are needed to 
determine the precise location of the WGA-labeled oligosaccharides and thereby
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confirm the detection of membrane intermixing with the prescribed protocol. 
Nevertheless, several studies have demonstrated the intermixing o f membranes during 
fertilization indicated by the transfer o f gamete-specific antigens between the membrane 
types (Yanagimachi eta l, 1973; OTtand, 1977; Longo, 1982, 1986a, 1989, 1991).
The rate of antigen transfer was comparable to lateral diffusion o f plasma membrane 
proteins (Longo, 1991). Additionally, differential binding of the mannosyl and 
glycosyl-specific lectin Concanavalin A to Spisula egg and not sperm plasma 
membranes have been used to illustrate membrane intermixing (Longo, 1982, 1986b). 
Site of Sperm Entry
Sperm binding and entry is ubiquitous over the egg surface in D. polymorpha 
(Misamore et al., 1996). However, the site of sperm entry was located on the CD 
blastomere as indicated by the discrete patch left on the egg surface by FITC-WGA 
labeled fertilizing sperm. The site o f  sperm entry on the CD blastomere was variable 
relative to the position of the cleavage furrow. The mechanisms involved in 
establishing the axis of cleavage are not well understood in D. polymorpha. However, 
Walker (1996) reported a dense microtubule array connecting the polar body with the 
centrally positioned female pronucleus. Given that cleavage occurred perpendicular to 
the long axis of this array (Walker, 1996), initial indications are that the primary 
mechanism establishing the plane o f cleavage is the orientation of this microtubule array 
and secondarily the male aster.
Flagellar Incorporation
Flagellar incorporation during fertilization is widespread in both invertebrate 
(Raven, 1966; Longo, 1973b; Epel etal., 1977; Longo, 1991; Misamore et al., 1996)
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and vertebrate systems (Hirao and Hiraoka, 1987; Phillips, 1991; Shalgi et al., 1994; 
Sutovsky et al., 1996). During fertilization in D. polymorpha, the bulk of the axoneme 
was incorporated into the egg cytoplasm (Fig. 5.16, 5.17). This incorporation was 
dependent on microtubule polymerization and occurred at a rate of 1 pm/sec (see 
Chapter 4). Most molluscan species incorporate the flagellum with the exception o f 
Bulla, Crepidula, and Eulota (Raven, 1966). Moreover, only partial incorporation of 
the sperm tail is reported fox Mytilus (Longo and Anderson, 1969).
The positioning of axonemes within the egg cytoplasm prior to and following 
cleavage varies between species. In D. polymorpha, the axoneme extended deeper 
into the egg cytoplasm immediately upon incorporation into the egg cytoplasm. The 
initial positioning of the axoneme appeared dependent upon the dynamic activity of the 
axoneme during incorporation. In sea urchins, the positioning of the axoneme near the 
female pronucleus following detachment from the sperm head requires microtubule 
polymerization and possibly the sperm aster (Fechter etal., 1996). In D. polymorpha, 
the initial position of the axoneme preceded the formation of the sperm aster and 
detachment appeared independent of microtubule polymerization (see Chapter 3).
In the algae Fucus, incorporated axonemes remain close to the egg plasma 
membrane and do not migrate centrad (Brawley et al., 1976). For Drosophila, the 
incorporated axoneme forms a prominent structure in the anterior portion of the tail 
which may establish egg polarity (Karr, 1991).
The ultimate fate of the flagellar axoneme in D. polymorpha, as in other species 
(Longo, 1991), is unknown, but disassembly of the axonemal microtubules seems the
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most plausible fate (Simerly et al., 1993; Fechter etal., 1996). D. polymorpha 
axonemes were detectable as late as 30 min PI. However, the inability to detect the 
axonemes at later time points does not necessarily indicate flagellar disassembly but 
rather may be a limitation in current labeling techniques. Incorporated axonemes persist 
until the two cell stage in hamsters (Hiraoka and Hirao, 1988) and rat (Szollosi, 1965) 
while mouse axoneme are detectable as late as the 32 cell stage (Simerly et al., 1993). 
Axonemes are visible up to cleavage in urchins (Longo, 1973b) when microtubule 
dependent disassembly occurs (Fechter et al., 1996).
Summary
The sperm nucleus, axoneme and mitochondria are incorporated into the egg 
cytoplasm while the sperm plasma membrane remains associated with the egg surface. 
Sperm decondensation appears coordinated with egg maturation events. The rates of 
decondensation were similar to other systems where eggs are inseminated prior to 
meiotic completion. Sperm mitochondria are incorporated into the egg cytoplasm, are 
haphazardly dispersed following sperm decondensation, and were restricted to the CD 
blastomere following cleavage. The role of the flagellum during sperm entry remains a 
mystery in most systems; however, the sperm flagellum may play an integral role in 
fertilization in D. polymorpha.
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CHAPTER 6: GENERAL SUMMARY
The morphological and functional mechanisms involved in the early fertilization 
events in the freshwater zebra mussel Dreissena polymorpha are presented. Sperm 
retain a primitive morphology consisting of a head, midpiece and tail. The head is 
cylindrical approximately 1.6 pm in diameter and 4 pm in length . An acrosomal 
vesicle is located at the anterior end of the sperm nucleus, is 1.4 pm in length and is 
highly compartmentalized. A central axial core comprised of actin filaments extends 
the length of the acrosome. The midpiece is composed of 4 mitochondria and a pair of 
centrioles. A single flagellum is elaborated from the distal centriole. The eggs of D. 
polymorpha are 50-60 pm in diameter and are surrounded by a surface envelope. Eggs 
are isolecithal and spawned in first meiotic metaphase arrest. The surface of the egg is 
uniformly covered with 1-pm long microvilli.
At insemination, sperm bind ubiquitously to the egg surface and sperm enter 
into the egg cytoplasm in a two-step process. First, the sperm gradually (10 pm/min) 
enters the egg cortex through an actin-rich, egg-derived insemination cone. The 
insemination cone is only slightly larger than the sperm head and contracts following 
entry of the sperm. Once in the egg, the sperm nucleus with attached axoneme and 
mitochondria rotate 180° and is laterally displaced along the cortex. The first stage is 
inhibited by cytochalasins, inhibitors to actin polymerization, in a dose-dependent 
manner with complete inhibition at 12.4 pM. The cytochalasin-sensitive processes are
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completed by 4 min postinsemination (PI), which corresponds temporally to the 
completion of sperm head rotation.
During the second stage o f sperm entry, the sperm axoneme is incorporated 
into the egg cytoplasm and the sperm head may be translocated rapidly (1 pm/sec) 
through the egg cytoplasm. The path taken by this translocation is variable but the 
distance traveled appears to be related to the relative distance between the site of sperm 
entry and the positioning of the female genome.
Shortly after sperm head rotation in the egg cortex, the sperm axoneme is 
incorporated into the egg cytoplasm at a rate o f 1 pm/min. The axoneme extends 
deeper into the egg cytoplasm and remains active for several min following 
incorporation. Cytoplasmic particle flow is visible near the axoneme during this active 
phase. In the immediate proximity o f the sperm head, the particle low originates at the 
base of the sperm nucleus an travels toward the plus-end of the microtubules 
comprising the axoneme.
Microtubule inhibitors (colcemid, colchicine, and nocodazole) prevent axoneme 
incorporation. The sperm head remains highly active immediately subjacent to the 
insemination cone but is unable to enter further into the egg cytoplasm. Additionally, 
no flow of cytoplasmic particles is observed.
Following quiescence o f the axoneme, the sperm nucleus decondenses and the 
mitochondria separate from the midpiece. The mean rate of decondensation as 
estimated by changes in equatorial cross-sectional area was 10 pm2/min. There appears
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to be a coordinated relationship between maternal nuclear maturation and male nuclear 
decondensation. Within 5-7 min PI first polar body formation occurs and minimal 
change is sperm chromatin decondensation is observed. Following meiosis L, the initial 
decondensation of the sperm chromatin occurs and the mitochondria separate from the 
midpiece. Minimal change is sperm chromatin occurs during formation of the second 
polar body. After completion of meiosis n, both the male and female pronuclei form 
and migrate toward one another. Cleavage occurs by 70 min and forms unequal 
blastomeres. Sperm entry occurs in the larger (CD) of the two blastomeres and sperm 
components (i.e. mitochondria) brought into the cytoplasm are generally retained in the 
CD blastomere.
127
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
a p p e n d i x  a
LETTER OF PERMISSION
OSTUMn 
Na# Itafc sir lOlSMOU
y ?  fv t /ftpy]
lAxm. isasau
J o h n  W i l e y  & . S o n s ,  I n c .




202 Lift Saeaces BUg. 
fjcisuna State Umygmy 
3*tnn Rooge, LA 70003 
VU FAX ora.7:504-3SJ-2297
Dear Mr. Mimon:
3E: Yocrreqwa to rnctsde yatffp^erioai M0L2CULAB. XEPitODUCnON AND DEVELOPMENT (430, 
1996), (ISSN IQ4tMS2X) in year diwritinViu
D»ank you fcr your request of Mardt 20,1991 ?!ex» beiwarntfcetiitfconghyao Mstswdccfctssotfeii wodctn 
M  j l l  y w l r a w f t i l M B i r y M n w i i f ,  y w w  T f M T  f n t l f l T T r H  I I H  1 1 1 1  I I I  l l ' l l  p i  f i l l  I f | _ T l f  I
1* « tw  ftan yqgft »« p—»wfrrigfcfg
Z. T h^n^b ttn  make enpiaa a f  ail flrpMtflflhgwHric far yuur- tra  m g^iwnvwi ttaie*mg
3. Tberigiittouae, jfiBL3nhjjQSB,4ilor[*rtaf6aBecB«liBe!iookbyyoeiariaieaflecaoaofyiiar 
wodo.
4. Thedgbrtoaufcecopesoftbeerodeftr haemal dtudbntiouwBtritttinmnmdau where yoaworie.
5. Tie right to sse apses ami nbies tram the wrjric, ad  up oo 250 word* of frrL ja phut madia only.
5. The right to gate oral piumariiui qf the aareral is myfcmni.
Yoanmac include t  gracSt snti'cc with die following ntfonnaaon: Tide, amfaarft), journal tide, Copyright© (you 
a d  owner.).
Ifyan have auyqoestanpieae call a e  ar$12) 150-6014.
m rrous wzssrrz® "urnhffwww. wtlzt.com" fob. Feuttssrora a*FonHxnoNAtn>
REQUEST FOMMS
12S
with permission of the copyright owner. Further reproduction prohibited without permission
APPENDIX B
LIST OF ABBREVIATIONS
ANOVA ANALYSIS OF VARIANCE
7-AAD 7-AMINO ACTINOMYSIN D
CLSM CONFOCAL LASER SCANNING MICROSCOPE
CB CYTOCHALASIN B
DIC DIFFERENTIAL INTERFERENCE CONTRAST
DMSO DIMETHYL SULFOXIDE
FITC FLUORESCEIN ISOTHIOCYANATE
GVBD GERMINAL VESICLE BREAKDOWN
HMO HOFFMAN MODULATION OPTICS
MF MICROFILAMENT
MT MICROTUBULE
PBS PHOSPHATE BUFFERED SALINE
PW ARTIFICIAL PONDWATER
PI POSTINSEMINATION
SEM SCANNING ELECTRON MICROSCOPE
TEM TRANSMISSION ELECTRON MICROSCOPE
WGA WHEAT GERM AGGLUTININ
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